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Abstract

Background: Aronia berry extracts (ABE) have recently been reported to possess significant 

anti-cancer effects in various malignancies, including colorectal cancer (CRC), due to their high 

polyphenolic content. However, the molecular mechanism(s) underlying the anti-cancer effects 

of ABE in CRC remain unclear, which is important to consider when considering their use as 

complementary medicine approaches in cancer.

Methods: We performed genome-wide transcriptomic profiling and pathway enrichment analysis 

to identify specific growth signaling pathways associated with ABE treatment in CRC cells. 

In addition, a series of systematic and comprehensive cell culture studies were performed to 

investigate the anticancer effects of ABE in SW480 and HCT116 CRC cell lines. Subsequently, 

these findings were validated in patient-derived 3D organoids (PDOs) models.

Results: Transcriptomic profiling analysis identified p53 signaling as one of the key enriched 

pathways mediating the anti-cancer activity of ABE. Analysis of public datasets revealed that 

Chk1, a key regulator of p53, was one of the critical targets of ABE in CRC. Chk1 and p53 

activation was shown to be downregulated with ABE treatment, leading to the induction of cell 
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cycle arrest (p = 0.003 – 0.014) and enhanced DNA damage (p = 0.015 – 0.026). Furthermore, 

these findings were validated in PDOs, where the ABE treatment resulted in significantly fewer 

and smaller PDOs in a concentration-dependent manner (p = 0.045 - <0.001).

Conclusions: We firstly provide evidence for the role of the p53 signaling pathway as a 

mediator of the anti-cancer activity of ABE, which provides a rationale for its use as a safe and 

effective integrative medicine approach in CRC.
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INTRODUCTION

Colorectal cancer (CRC) remains a major cause of cancer-related deaths worldwide, ranking 

second after lung cancers, with an estimated 104,270 new cases and 52,980 deaths in 2021 

(Siegel et al., 2021; Sung et al., 2021). The leading cause of mortality in CRC patients is 

the diagnosis of the disease at an advanced stage with metastasis when curative surgery 

is not always possible. Systemic cytotoxic therapies are often offered to CRC patients 

who are not candidates for surgery. Although there have been advances in improving 

therapeutic regimens for the management of CRC, the overall efficacy of such treatments 

is significantly hampered due to the acquisition of drug resistance, toxicity, and excessive 

costs. More recently, many diet-based natural compounds have gained increasing research 

interest as complementary and alternative medicine approaches due to their overall safety, 

cost-effectiveness, and synergism with conventional therapies in various cancers, including 

CRC (Goel and Aggarwal, 2010; Goel et al., 2008b; Okuno et al., 2022). From a biological 

standpoint, such natural compounds are frequently enriched with abundant polyphenols that 

possess potent anti-inflammatory and antioxidant properties, with the ability to directly or 

indirectly influence multiple growth signaling pathways, making them attractive adjunct 

anti-cancer agents by virtue of their effects on multiple signaling pathways (Goel et al., 

2008b; Okuno et al., 2022).

Among such natural compounds, interest in various berry fruits as integrative and 

complementary therapies has emerged due to their richness in a diverse spectrum of 

polyphenols and their ability to synergistically enhance the treatment efficacy in various 

malignancies, including CRC (Pan et al., 2015; Wang et al., 2011; Wang et al., 2013). 

The Aronia berries (Aronia melanocarpa), also known as the black chokeberries, are small, 
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dark, cherry-like berries native to North America. Aronia berries possess antioxidant, anti-

inflammatory, and anti-bacterial properties, making them beneficial in the management 

of various diseases. In fact, Aronia berries are also one such berry fruit that has shown 

promising anti-cancer activity in several cancers. Considering that the overall polyphenolic 

content differs according to the species of the berries (Del Rio et al., 2010), their efficacy 

consequently varies in each malignancy (Bouyahya et al., 2022). For instance, Aronia 

berry extract (ABE) has shown significantly more potent anti-cancer effects compared to 

bilberry and grape seed extracts through growth inhibition in HT-29 colon cancer cells 

(Zhao et al., 2004). Moreover, Gao and colleagues recently revealed that ABE exerts a 

superior antioxidant effect in HepG2 human liver cancer cells compared to extracts from 

blueberry and haskap berries (Gao et al., 2018). Similarly, other studies have demonstrated 

the ability of Aronia berry juice to cause cell cycle arrest in human colon cancer HT-29 

and Caco-2 cells (Bermudez-Soto et al., 2007). Furthermore, ABE was found to inhibit cell 

proliferation and increase the generation of reactive oxygen species (ROS) in HeLa, human 

cervical cancer cells (Rugina et al., 2012), suggesting that their antioxidant activity might be 

another potent mechanism for their anti-cancer efficacy. Despite the recently growing body 

of literature regarding their potential anti-cancer effects, the molecular mechanism(s) of the 

ABE in CRC remain largely unexplored. Therefore, investigating molecular underpinnings 

of ABE’s anti-cancer activity is important to understand better its potential targets, which 

will allow for a more tangible rationale for its use as an integrative medicine approach in 

patients with CRC and potentially other malignancies.

In this study, we performed a comprehensive and systematic series of functional 

experiments, including cell viability, colony formation, migration, cell invasion, oxidative 

stress, and apoptosis assays in CRC cell lines, followed by validation of these findings 

in patient-derived 3D organoids (PDOs) to evaluate the anti-cancer effects of ABE. 

Furthermore, we undertook genome-wide transcriptomic profiling and gene set enrichment 

analysis to determine associations between the p53 signaling pathway and the anti-cancer 

effects of ABE. These investigations led us to determine that chk1 and p53 pathways play an 

important role in mediating the anti-cancer effects of ABE in colorectal cancer.

MATERIALS AND METHODS

Cell culture and reagents

Human CRC cell lines (SW480 and HCT116) were obtained from the American Type 

Culture Collection (ATCC; Manassas, VA, USA). CRC cell lines were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Carlsbad, CA) supplemented with 

10% fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin (Sigma Aldrich, St. 

Louis, MO, USA) in the incubator at 37°Cand 5% CO2 humidity. To harvest the adherent 

cells, 0.05% trypsin-0.03% EDTA (Invitrogen, Carlsbad, CA, USA) was used. Cell culture 

media was replenished every two to three days.

A stock solution of Aronia berry extract (ABE; generously provided by EuroPharma 

USA, Green Bay, WI) was dissolved in dimethyl sulfoxide (DMSO; Sigma Aldrich) at 

a concentration of 5 mg/mL, then kept frozen at −20°C and subsequently used for all 

experiments.
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Cell viability

To quantify the cell viability of CRC cell lines, 5 × 103 cells per well were seeded in 

96-well flat plates and incubated for 18 hours to allow adherence of the cell lines to the 

plate surface. After that, cells were treated with different concentrations of ABE. After 48 

hours of treatment with ABE, 20 μl of MTT solution (5 mg/ml, Sigma Aldrich) was added to 

each well and incubated for an additional 2 hours, and thereafter, the medium was discarded. 

After washing the cell lines with phosphate-buffered saline (PBS), 200 μl of DMSO was 

added to each well and pipetted until the cell lines were fully lysed. The absorbance values 

for each well were measured at an optical density (OD) of 435 nm using a microplate reader 

(Tecan Trading AG, Männedorf, Switzerland).

Migration assay

CRC cell lines were cultured in 6-well culture plates for migration assays and observed till 

90% confluence. A ‘wound’ was created with a sterile 200 μl micropipette tip by making a 

scratch in the cell monolayer. The scratched cells were removed by washing with PBS. Cells 

were then treated with different concentrations of ABE. Images of the cultured CRC cell 

lines were captured at 0 and 24 hours using an Olympus inverted microscope (magnification 

×40), and the results were analyzed with Image-J 1.53s software (http://imagej.nih.gov/ij/

index.html) to calculate wound closure percentages. All experiments were performed in 

triplicate, and representative images were provided.

Colony formation assay

Colony formation assays were conducted on CRC cell lines treated with different 

concentrations of ABE (IC25 and IC50) for 48 hours. For these assays, 5 × 102 pre-treated 

cells per well were incubated with different concentrations of ABE in 6-well plates for 

1 week. Cells were fixed to cell culture plates using 100% methanol for 30 minutes and 

stained with 1% crystal violet overnight. Colony areas were calculated using the Image-J 

1.53s software.

Cell invasion assay

Cell invasion assays were performed in CRC cell lines treated with different concentrations 

of ABE (IC25 and IC50) for 48 hours. Herein, 1.0 × 105 pre-treated cells per well were 

seeded into the Matrigel invasion chamber (Corning, Tehama County, CA) with an 8.0 μm 

PET Membrane. After 48 hours of incubation, invaded cells were fixed and stained by the 

Diff-Quick staining procedure. Images of the cell lines were captured with an Olympus 

inverted microscope (magnification ×40) to measure cell count.

Oxidative stress and Apoptosis assay

Oxidative stress and apoptosis assays in CRC cell lines were performed following 24 hours 

of treatment with ABE. Oxidative stress and cellular apoptosis levels were investigated using 

the Muse Cell Analyzer (Millipore Corp, Billerica, MA) with Oxidative Stress Kit and 

Annexin V & Dead Cell Kit, following the manufacturer’s instructions.
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RNA extraction, Genome-wide transcriptomic profiling, and gene set enrichment analysis

RNA-sequencing (RNA-seq) was performed as previously reported (Roy et al., 2022). After 

24 hours of treatment with inhibitory concentration 25 (IC25) concentrations of ABE or 

DMSO, total RNA was extracted from each cell line using miRNeasy kit (Qiagen, Hilden, 

Germany). Next-generation sequencing (NGS) library construction was performed on the 

extracted RNA with a SureSelect XT HS2 mRNA Library Preparation Kit (Agilent, Santa 

Clara, CA, USA) with up to 1 μg of total RNA input, following the manufacturer’s 

instructions. Ribosomal RNA-depleted libraries were generated using 1 μg of RNA from 

each sample with the TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, USA). 

Library product size distributions and concentrations were determined using a Bioanalyzer 

DNA High Sensitivity Kit (Agilent Technologies, Santa Clara, CA, USA) and verified by 

paired sequencing (150 bp at each end). The HiSeq X-TEN system (Illumina, San Diego, 

CA, USA) was used for the analysis. All procedures for RNA-seq were performed in 

duplicate.

For the analysis of RNA-seq, FastQ files were trimmed using Trim Galore to remove 

the adapter sequence and 3′ bases with quality scores lower than 30 before alignment. 

The trimmed reads were mapped to human genome version GRCH38 and downloaded 

using STAR to generate alignment files. The edgeR software package was used to analyze 

the differentially regulated genes. Upregulated and downregulated genes were selected 

by a threshold of P value < 0.05 and |log2Foldchange| (|log2FC|) > 0.5. The common 

differentially regulated genes between the two cell lines were used for Gene Ontology (GO) 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene set enrichment analysis 

through the DAVID online tool (https://david.ncifcrf.gov/summary.jsp) [25] for determining 

the most relevant signaling pathways influenced by ABE in CRC cells. Package “ggplot2” 

was used for the pathway visualization in R.

Real-time quantitative reverse transcription PCR (RT-qPCR) assays

Total RNA was extracted from CRC cell lines after treatment with various concentrations 

of ABE for 24 hours. RNA was reverse transcribed to complementary DNA (cDNA) using 

a high-capacity Reverse Transcription Kit (Thermo Fischer Scientific, Waltham, MA). qRT-

PCR assays were performed with a SensiFAST SYBR Lo-ROX Kit (Bioline, London, 

United Kingdom) and the QuantStudio 6/7 Flex RT-PCR System (Applied Biosystems, 

Foster City, CA). The primers used in the present study are depicted in Supplementary Table 

S1. Delta Ct values were used to calculate gene expression level differences with β-catenin 

as the housekeeping gene.

Protein extraction and western immunoblotting

Primary antibodies against β-actin (1:1000, #58169; Cell Signaling Technology, Danvers, 

MA, USA), p-Chk1 (1:1000, #2348; Cell Signaling Technology), Chk1 (1:1000, #60277–1-

Ig; Proteintech, Chicago, IL, USA), p-p53 (1:1000, #9286; Cell Signaling Technology), and 

p53 (1:1000, #sc-126; Santa Cruz, CA, USA) and secondary antibodies (#7074 or #7076; 

Cell Signaling Technology) were used for western immunoblotting assays. RIPA Lysis 

and Extraction Buffer containing a protease inhibitor cocktail (Thermo Fischer Scientific) 

was used for total protein extraction from CRC cell lines after 24 hours of treatment 

Asahi et al. Page 5

Phytomedicine. Author manuscript; available in PMC 2025 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://david.ncifcrf.gov/summary.jsp


with different concentrations of ABE. Proteins were separated on a 10% Mini-PROTEAN 

TGX™ Precast Gel (BIO-RAD, Hercules, CA, USA) and transferred onto nitrocellulose 

membranes. The membranes were blocked with 5% bovine serum albumin (Sigma-Aldrich) 

in Tris buffer saline (Bio-Rad, Hercules, CA, USA) with 0.1% Tween-20 (Sigma-Aldrich) 

for one hour at room temperature (RT) and then incubated at 4 °C overnight with the 

primary antibody (1:1000). After washing 3 times with 0.1% TBST, membranes were 

incubated at room temperature with a secondary antibody (1:2000) for 1 hour. Immunoblots 

were visualized using an HRP-based chemiluminescence kit (Thermo Fisher Scientific) 

using the ChemiDoc-MP Imaging system (ver 5.2.1, Bio-Rad). β-actin was used as an 

internal control, and the relative protein levels were quantified with the Image-J 1.53s 

software.

DNA damage and cell cycle assays

DNA damage assays in CRC cell lines were performed by immunofluorescence and flow 

cytometry following the treatment with ABE for 48 hours. For the immunofluorescence 

assay, 5 × 105 cells per well were seeded in 6 cm flat plates with a slide in each well. After 

incubation for 18 hours, cells were treated with different concentrations of ABE. Cells were 

fixed with 4% paraformaldehyde and permeabilized in 0.5% Triton X-100. PBS containing 

5% goat serum was used for blocking, and cells were incubated with a primary antibody 

p-H2AX (1:1000, #05–636; Proteintech, Temecula, CA, USA) overnight, followed by three 

washes with 0.1 % PBST. Cells were incubated for 1 hour with fluorescent-conjugated 

secondary antibodies (1:1000 dilution), followed by three washes, and cell nuclei were 

stained. Cells were imaged using a fluorescent microscope with 488 nm excitation and 496 

nm emission in a microplate reader (Tecan Trading AG) under 160x magnification.

Cell Cycle Kit and H2A.X Activation Dual Detection Kit were used for flow cytometry 

analysis with Muse Cell Analyzer (Millipore Corp), following the manufacturer’s 

instructions.

Analysis of gene expression datasets

This study included an analysis of 679 CRC cases from three publicly available gene 

expression datasets: The Cancer Genome Atlas (TCGA; n = 327), GSE104645 (n = 

181), and GSE159216 (n = 171). TCGA data was downloaded from the University 

of California Santa Cruz Xena Browser (https://xenabrowser.net/). The GSE104645 and 

GSE159216 datasets were downloaded from the Gene Expression Omnibus database 

(https://www.ncbi.nlm.nih.gov/geo/).

Patient-derived 3D tumor organoids (PDOs)

Three-dimensional (3D) organoids from CRC patients were generated per the previous 

report (Okuno et al., 2022; Ravindranathan et al., 2018; Sharma et al., 2020; Zhao et 

al., 2022a; Zhao et al., 2022b). Patients were anonymously coded in compliance with the 

Declaration of Helsinki. A written informed consent was obtained from patients, and all 

experiments were approved by the Institutional Review Board of City of Hope. PDOs 

were seeded in a 24-well plate by forming a dome in 40 μl of Matrigel (Corning, Tehama 

County, CA, USA) with IntestiCult™ Organoid Growth Medium (#06010, STEMCELL 
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Technologies) containing epidermal growth factor (STEMCELL Technologies). 750μl of 

IntestiCult™ Organoid Growth Medium was added around the dome. The PDOs were treated 

with different concentrations of ABE for 48 hours. PDOs larger than 100 μm in size were 

observed, and the number and the size of PDOs were calculated with the Image-J 1.53s 

software.

Statistical analysis

All data are represented as mean ± standard deviation (SD). The Shapiro–Wilk test was 

used to test the normality of the data. The two-sided Student’s t-test was performed using 

the software JMP (JMP Pro, version 16; SAS Institute Inc., Cary, NC) for statistical 

analysis to compare differences between continuous values of different groups. P-values 

were adjusted with Holm’s method for comparing 3 groups. P < 0.05 was considered 

statistically significant.

RESULTS

ABE exhibited anti-tumor effects in CRC cells via inhibition of cell proliferation, migration, 
clonogenicity, and invasion.

The primary objective of our study was to examine the anti-tumor effects of ABE in 

CRC cell lines. We performed experiments using 2 different CRC cell lines, SW480 

(microsatellite stable) and HCT116 (microsatellite unstable). MTT assays were first 

performed to examine the effect of ABE on the cell viability of CRC cell lines, and dose-

dependent anti-proliferative effects of ABE were observed, indicating growth suppression 

and inhibition of cell viability in both CRC cell lines. The quarter- and half-maximal 

inhibitory concentrations (IC25 and IC50) were 80.0 μg/mL and 130.0 μg/mL for SW480 and 

80.0 μg/mL and 140.0 μg/mL for HCT116 cells (Fig. 1A). Accordingly, all subsequent 

experiments were performed using 80.0 μg/mL and 140.0 μg/mL for IC25 and IC50 

concentrations.

Next, we performed migration assays to evaluate the anti-migratory effects of ABE in 

both CRC cells. The migration rate of CRC cells was significantly suppressed with ABE 

treatment at IC50 concentrations compared to controls, from 57% to 7% in SW480 cells (p < 

0.01) and 61% to 11% in HCT116 cell line (p < 0.05; Fig. 1B). The colony formation assays 

were also performed, and the results revealed that ABE significantly inhibited clonogenicity 

of CRC cells in a dose-dependent manner (p < 0.01 for IC25 vs. IC50). Compared to the 

control group with a 30% colony area, ABE decreased the overall colony area to 20% 

with IC25 concentrations (p < 0.01) and to only 5% with IC50 concentrations (p < 0.001) 

in SW480 cells. Similarly, in HCT116, ABE reduced the total colony area from 22% to 

14% with IC25 doses (p < 0.001) and to 8% with IC50 concentrations (p < 0.001; Fig. 

1C). Finally, the anti-invasive effects of ABE were also interrogated by cellular invasion 

assays. The relative invasion rates using IC25 and IC50 doses were 42% and 28% in SW480 

(p < 0.05 – 0.01) and 37% and 14% in HCT116 cells (p < 0.001), which was yet again 

a dose-dependent change in these CRC cell lines (p < 0.001 for IC25 vs. IC50, Fig. 1D). 

Altogether, our data suggests ABE possesses high potential as an anti-cancer agent in CRC 

cells with diverse genomic backgrounds.
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ABE-induced reactive oxygen species (ROS) accumulation and enhanced apoptosis in 
CRC cells.

To further understand the underlying mechanism(s) for the anti-cancer effects of ABE in 

CRC cells, we examined its impact on the accumulation of reactive oxygen species (ROS) 

using an Oxidative Stress Kit. We analyzed the results with a Muse Cell Analyzer. In SW480 

cells, ABE treatment with an IC50 dose significantly enhanced ROS accumulation in the 

CRC cells to 21% compared with 6% in the control group (p < 0.05). Similarly, in HCT116 

cells, both IC25 and IC50 concentrations significantly increased ROS accumulation in the 

CRC cells to 36% compared with 11% in the control group (p < 0.05; Fig. 2A).

Next, Annexin V binding assays were performed to evaluate the impact of ABE on apoptotic 

rates in CRC cell lines. ABE significantly induced apoptosis in both SW480 and HCT116. 

For SW480, the apoptosis induction rate was significantly increased to 22% with the IC50 

concentrations vs. the 7% in the control group (p < 0.05). Likewise, in HCT116 cells, the 

apoptosis rate was significantly increased to 32% with the IC25 dose (p < 0.01) and to 

39% at the IC50 concentrations (p < 0.01), compared to 10% in the control group (Fig. 

2B). Collectively, our data demonstrated that ABE’s anti-cancer effect was related to ROS 

accumulation and increased cellular apoptosis in CRC cells.

Transcriptomic analysis revealed an association of the p53 signaling pathway following 
ABE treatment in CRC cells.

To identify the molecular pathways associated with the anti-cancer effects of ABE in 

CRC cells, we performed a comprehensive genome-wide transcriptomic analysis using 

RNA-seq in ABE-treated and untreated SW480 and HCT116 cell lines. By comparing 

the ABE treatment group with the control group, upregulated and downregulated genes 

were extracted based on |log2FC| > 0.5 and P < 0.05 in each cell line. Four hundred 

thirty-nine common differentially regulated genes in both cell lines were detected, which 

was defined as an aggregate of common upregulated and downregulated genes (Fig. 3A). 

GO and KEGG enrichment pathway analyses of these differentially regulated genes were 

performed, and the p53 signaling pathway emerged as the most prominent among the 

top 10 enriched KEGG pathways (Fig. 3B) with 8 common differentially regulated genes 

(Fig. 3C). More importantly, it was particularly interesting, given that the p53 signaling 

pathway plays a crucial role in the progression of various malignancies including CRC, 

rendering it a prominent target for systemic therapies (Hernandez Borrero and El-Deiry, 

2021). Subsequent qRT-PCR assays of the p53-pathway-related genes confirmed that almost 

half of these differentially regulated genes, including ATR, CCNB1, SESN2, and SFN, 

were consistent with the result of a genome-wide transcriptomic analysis with statistical 

significance (p < 0.05 – 0.001; Fig. 3D). Collectively, the p53 signaling pathway was 

identified as a candidate pathway associated with the mechanism of anti-cancer efficacy of 

ABE in CRC cells.

ABE inhibited Chk1 phosphorylation in CRC cells.

Checkpoint kinase 1 (Chk1) is a key regulator that modulates p53 in cancers that exert 

an anti-cancerous effect in a p53-dependent manner (Rizzotto et al., 2021; Shieh et al., 

2000). On the other hand, it has been reported that Chk1 can also inhibit cancer cell 
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survival in a p53-independent manner, offering a potential avenue for cancer treatment 

(McNeely et al., 2014). First, characteristics of the Chk1 mRNA were investigated by 

analyzing gene expression profiling data from CRC cases in three public datasets. Upon 

analysis of CRC cases from the TCGA public dataset (Cases: Tumor/Normal = 286/41), 

expression of Chk1 was found to be significantly higher in CRC tumors compared with 

expression in normal tissue (Chk1 expression: 8.7 vs. 7.6, p < 0.01; Fig. 4A). Another public 

dataset (GSE104645) included 181 CRC cases with information on achievement of complete 

response (CR) towards systemic chemotherapy (Cases: CR/nonCR = 8/173). Analysis of this 

dataset revealed that expression of Chk1 was significantly lower in cases with CR vs. those 

with non-CR (Chk1 expression: −0.6 vs. 0.1, p = 0.01; Fig. 4B). Furthermore, analysis of 

the GSE159216 dataset which included survival information of stage IV CRC cases (Cases: 

Chk1 expression high/low = 152/19) revealed significantly poor overall survival (OS) in 

Chk1-high expression cases vs. Chk1-low expression cases (p < 0.01; Fig. 4C).

After evaluating the impact of Chk1 in CRC patients, we performed qRT-PCR assays 

for Chk1 and TP53 genes to identify the roles of these genes as potential culprits for 

orchestrating the anti-cancer effects of ABE. In fact, we observed that ABE significantly 

downregulated the expression of Chk1 in both SW480 (Control vs. ABE IC25 vs. ABE IC50, 

1.00 vs. 0.14 vs. 0.04; p < 0.05 – 0.01) and HCT116 (Control vs. ABE IC25 vs. ABE IC50, 

1.00 vs. 0.32 vs. 0.16; p < 0.01 – 0.001) in a dose-dependent manner (Fig. 4D). Likewise, 

while we did not observe a significant change in HCT116 cells, the expression of TP53 gene 

was also downregulated in SW480 after treatment with ABE (Control vs. ABE IC25 vs. ABE 

IC50, 1.00 vs. 0.23 vs. 0.03; p < 0.01 – 0.001; Fig. 4D).

The phosphorylated forms of Chk1 and p53, phospho-Chk1 (p-Chk1), and phospho-p53 (p-

p53) were also included in our Chk1 and p53 protein expression analysis. After normalizing 

with β-Actin, p-Chk1 was revealed to be significantly downregulated by ABE in both 

SW480 (Relative p-Chk1 expression: Control vs. ABE IC25 vs. ABE IC50, 1.00 vs. 0.57 vs. 

0.36; p < 0.001 – 0.01) and HCT116 (Control vs. ABE IC25 vs. ABE IC50, 1.00 vs. 0.39 vs. 

0.10; p < 0.001) dose-dependently (Fig. 4E). Expression of p-p53 was also downregulated 

in a dose-dependent manner in HCT116 after treatment with ABE (Control vs. ABE IC25 

vs. ABE IC50, 1.00 vs. 0.23 vs. 0.13; p < 0.001). ABE at IC50 concentrations downregulated 

p-p53 expression significantly in SW480 cells (Control vs. ABE IC50, 1.00 vs. 0.62; p < 

0.01 – 0.001; Fig. 4E). Taken together, ABE downregulated Chk1 in CRC cells, which is a 

prominent candidate gene for systemic therapy in CRC. Furthermore, ABE downregulated 

p-Chk1 and p-p53 expression, partly explaining the anti-cancer mechanism of ABE in this 

malignancy.

ABE caused cell cycle arrest and enhanced DNA damage in CRC cells.

Given the role of Chk1 and p53 as potential mediators of ABE’s anti-cancer efficacy, we 

next performed cell cycle assays to examine the effect of ABE on any cell cycle dynamics. 

It was intriguing to observe that we observed an increase in the proportion of cells arrested 

in the G2/M phase following treatment with ABE at the IC50 concentrations in both SW480 

(p < 0.01) and HCT116 (p < 0.05) cells, indicating that one of the mechanisms of its 

anti-cancer efficacy is through the induction of cell cycle arrest in CRC cells (Fig. 5A).
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In the next step, we analyzed the expression of phosphorylated-H2A histone family member 

X (p-H2AX) to analyze the DNA damage in CRC cells (Fujii, 2019; Hopp et al., 2017; 

Takahashi et al., 2011). First, we analyzed p-H2AX expression by performing a flow 

cytometry assay using the Muse Cell Analyzer. For SW480, p-H2AX expression was 

significantly enhanced after ABE treatment with both doses of IC25 and IC50 (p-H2AX 

(%): Control vs. ABE IC25 vs. ABE IC50, 20 vs. 34 vs. 36; p < 0.05). Similarly, ABE at 

IC50 concentration significantly enhanced p-H2AX expression in HCT116 cells (p-H2AX 

(%): Control vs. ABE IC50, 22 vs. 34; p < 0.05; Fig. 5B). The results of these two p-H2HX 

analyses suggest that DNA damage in CRC cells was enhanced by treatment with ABE. 

Simultaneously, we performed immunofluorescence analysis to visualize the upregulated 

p-H2AX in nuclear cells responding to DNA damage (Bhardwaj et al., 2012; Mah et al., 

2010)Immunofluorescence analysis for p-H2AX revealed weak expression of p-H2AX in 

the nontreatment control group and enhanced expression of p-H2AX in the nuclear CRC 

cells after ABE treatment (Fig. 5C). Collectively, our data demonstrate that ABE induces 

cell cycle arrest and enhances DNA damage of CRC cells.

Treatment with ABE exerted anti-cancer activity in CRC patient-derived 3D organoid (PDO) 
models.

The anti-cancer effects of ABE were also evaluated in PDO models previously generated 

from CRC cases to validate our cell culture-based findings (Okuno et al., 2022). In PDO 

#1, the formation of PDOs was significantly inhibited with ABE treatment with a dose of 

IC25 and IC50 (Number of PDOs: Control vs. ABE IC25 vs. ABE IC50, 107 vs. 70 vs. 41; 

p < 0.01 – 0.001; Fig. 6A). In PDO #2, the PDO formation was significantly inhibited with 

ABE treatment at the IC50 concentrations (Number of PDOs: Control vs. ABE IC25 vs. ABE 

IC50, 43 vs. 31 vs. 21; p < 0.01 – 0.001; Fig. 6A). Similarly, PDO growth was significantly 

inhibited in PDO #1 and #2 with ABE treatment with a dose of IC25 and IC50 (%Size of 

PDO#1: Control vs. ABE IC25 vs. ABE IC50, 1.0 vs. 0.66 vs. 0.53, p < 0.01 – 0.001; %Size 

of PDO#2: Control vs. ABE IC25 vs. ABE IC50, 1.0 vs. 0.66 vs. 0.44, p < 0.01 – 0.001; 

Fig. 6A). Overall, ABE exerted anti-cancer activity in PDOs, successfully validating our cell 

culture-based findings in 3D culture experiments.

DISCUSSION

The recent development of anti-cancer agents has significantly improved the survival 

outcomes in patients with CRC (Van Cutsem et al., 2016); however, most patients often 

develop chemoresistance to conventional therapeutic regimens and experience unreasonable 

toxicity, highlighting the need for further development of anti-cancer agents to improve 

treatment outcomes and quality of life. Owing to their cost-effectiveness, reduced toxicity, 

and ability to target multiple pathways, natural dietary compounds are increasingly 

considered promising complementary and alternative therapies in various cancers (Goel and 

Aggarwal, 2010; Goel et al., 2008a; Goel et al., 2008b; Pan et al., 2015; Wang et al., 2011; 

Wang et al., 2013). In this regard, we focused on ABE, which is rich in polyphenols and has 

a strong anti-cancer effect. In the present study, we performed a series of comprehensive and 

systematic studies in CRC cell lines with diverse genomic backgrounds. Subsequently, we 

validated these findings in PDOs to evaluate the anti-cancer effect and mechanisms of ABE.
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The anti-cancer effects of ABE on cell viability have been previously reported in a few 

recent studies in pancreatic cancer (Thani et al., 2014), hepatocellular carcinoma (Gao 

et al., 2018), leukemia (Sharif et al., 2012), cervical cancer (Rugina et al., 2012), and 

CRC (Bermudez-Soto et al., 2007; Malik et al., 2003; Zhao et al., 2004). However, most 

of these studies were primarily exploratory and did not delve deeper into the specific 

mechanism(s) of ABE’s anti-cancer activity. Our present study demonstrates that ABE 

inhibited cell viability, migration, clonogenicity, and invasion in CRC cell lines. More 

importantly, previous studies suggested that excessive ROS accumulation in cancer cells 

can lead to cell death, including apoptosis (Wang et al., 2021). In the present study, we 

demonstrate the efficacy of ABE in enhancing ROS accumulation and inducing apoptosis in 

CRC cells, which is in line with some of the suggestions made in previous reports (Rugina 

et al., 2012; Wei et al., 2020). The paradoxical effect of antioxidants on ROS accumulation 

and cancer cell death has often been reported in previous studies (Kalyanaraman et al., 2018; 

Xu et al., 2023). This effect partly explains the accumulation of ROS and the subsequent 

cell death induced by ABE in the present study. Genome-wide transcriptomic analysis, first 

performed in our study in CRC cells, allowed us to identify key growth signaling pathways 

associated with ABE’s anti-cancer activity, including the p53 signaling pathway. While 

previous reports have not focused on the effect of ABE on specific genes related to the p53 

signaling pathway, we validated key differentially regulated genes within the p53 signaling 

cascade using qRT-PCR assays (Fig. 6B).

After confirming the p53 signaling pathway as one of the top 10 enriched KEGG pathways, 

we examined the role of Chk1 as a key regulator of p53 (Hu et al., 2021) and its candidacy 

as a target in anti-cancer therapy (da Costa et al., 2023). Chk1 is a Ser/Thr protein kinase 

that causes the Intra-S and G2/M phase cell cycle arrest (Neizer-Ashun and Bhattacharya, 

2021) and is activated through phosphorylation, responding to DNA damage (Han et al., 

2016). Chk1 is capable of controlling the cell cycle dynamics through the regulation of p53 

activity and inhibiting the phosphorylation of cyclin-dependent kinases (CDKs), which are 

the key regulators of the cell cycle (McNeely et al., 2014). From the analysis of the TCGA 

dataset, we found that overexpression of Chk1 has been reported in various malignancies, 

including CRC (Madoz-Gurpide et al., 2007). Furthermore, our additional assessments of 

Chk1 in the public datasets GSE104645 and GSE159216 confirmed that Chk1 promotes 

tumor growth in CRC and several malignancies, thus highlighting a relationship between 

Chk1, resistance to anti-cancer agents (Bartucci et al., 2012; Cavelier et al., 2009; Lee et al., 

2011; Perego et al., 2003) and tumor progression. The present study suggested that p-Chk1 

was downregulated with p-p53 by ABE in both CRC cell lines, SW480 with mutated p53 

mutation and HCT116 with wild type p53, resulting in cell cycle arrest in G2/M phase and 

enhancement of DNA damage evaluated with p-H2AX expression.

There are several strengths to our study. First, we conducted a genome-wide transcriptomic 

analysis to investigate the anti-cancer effects of ABE in CRC cells and to identify the 

specific genes and pathways involved in its anti-cancer efficacy. As a result of these efforts, 

we observed a significant enrichment of various pathways, particularly the p53 signaling 

pathway. Further analysis of key regulators within the p53 signaling pathway revealed that 

both Chk1 and p53 were downregulated by ABE, which enhanced DNA damage. Second, 

we employed two different treatment concentrations (IC25 and IC50) to confirm their anti-
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cancer efficacy. Third, the anti-cancer efficacy of ABE was successfully validated in the 

PDO model.

We would like to acknowledge some of the limitations of the present study. First, the 

effect of ABE was not evaluated in an animal model. Second, we did not directly assess 

the potential toxicity of ABE in normal cells; however, previous studies have reported 

that ABE did not have any adverse effects on nontumorigenic colon cells when used at 

such low concentrations (Zhao et al., 2004), and there are no reports of severe adverse 

effects after evaluating the impact of ABE on small animal models (Gajić et al., 2020) or 

clinical patients (Kędzierska et al., 2013). Additionally, our study did not include a positive 

control drug, which might have allowed for comparisons between ABE and clinically 

utilized drugs. Furthermore, this study evaluated ABE solely as a monotherapy, even though 

polyphenols have demonstrated enhanced antitumor effects when combined with existing 

systemic therapies (Kaviani et al., 2023). Future research must determine its compatibility 

and potential synergistic effects with current therapeutic regimens.

In conclusion, these findings provide additional evidence for using ABE as a safe, 

cost-effective, and multi-targeted complementary and integrative therapeutic modality in 

colorectal cancer. The potential of ABE in preventing and treating colorectal cancer, 

including its use in combination with existing systemic therapies, requires further 

investigation.
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ABE Aronia berry extract

ATCC American type culture collection

Chk1 Checkpoint kinase 1

CRC Colorectal cancer

DNA Deoxyribonucleic acid

DMEM Dulbecco’s Modified Eagle’s medium
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FBS Fetal bovine serum

OD Optical density

GO Gene ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

PBS Phosphate-buffered saline

PDO Patient-derived organoids

ROS Reactive oxygen species

qRT-PCT Quantitative reverse transcription polymerase chain reaction
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Figure 1: 
Anti-cancer effects of ABE in CRC cells. (A) The line graphs depict the results of the 

MTT assays for cell viability in SW480 and HCT116 cell lines following treatment with 

different concentrations of ABE for 48 hours. ABE suppressed the cell viability in both 

CRC cells in a dose-dependent manner. (B) Migration assay after treatment with ABE for 

24 hours. ABE treatment at IC50 concentrations inhibited cell migration in both CRC cell 

lines. (C) Colony formation assay after treatment with ABE. ABE treatment using IC25 

and IC50 concentrations significantly inhibited clonogenicity in both CRC cell lines in a 

dose-dependent manner. (D) Invasion assay using CRC cells after treatment with ABE for 

48 hours. ABE treatment using IC25 and IC50 doses inhibited the invasive ability in both 

CRC cell lines. Moreover, the anti-invasive effects of ABE were dose-dependent in HCT116 

cells. Error bars are the mean ± SD. (*; P value < 0.05 vs. control, **; P value < 0.01 vs. 

control, ***; P value < 0.001 vs. control, ##; P value < 0.01 vs. ABE-IC25, ###; P value < 

0.001 vs. ABE-IC25). ABE, Aronia berry extract; CRC, colorectal cancer.
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Figure 2: 
ABE induces ROS accumulation and enhances apoptosis in CRC cells. (A) Representative 

histograms for the ROS distribution in SW480 and HCT116 cells after treatment with ABE 

for 24 hours. Values are expressed as the percentage of ROS- (negative) and ROS+ (positive) 

cells in the bar graphs. ABE concentrations at IC50 levels induced ROS accumulation 

in SW480 cells, and IC25 concentrations and higher doses induced ROS accumulation in 

HCT116 cells. (B) Representative histograms for the cells undergoing apoptosis in Annexin 

V binding assay in SW480 and HCT116 cell lines after treatment with ABE for 24 hours. 

Values are expressed as the percentage of alive and apoptotic cells, which is the total of early 

and late apoptotic cells, in the bar graphs. ABE enhanced apoptosis at IC50 concentrations in 

SW480 cells and IC25 concentrations in HCT116 cells. (*; P value < 0.05 vs. control, **; P 
value < 0.01 vs. control). ABE, Aronia berry extract; CRC, colorectal cancer; ROS, reactive 

oxygen species.
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Figure 3: 
P53 signaling pathway correlates with anti-carcinogenic effects of ABE in CRC cells. (A) 
Schema showing the procedure for selecting differentially regulated genes according to the 

genome-wide transcriptomic analysis of CRC cells in the ABE treatment group and control 

group. A gene was defined as up- or down-regulated when it had the Log2 FC > ±0.5 and 

P < 0.05 difference between ABE treatment and control in SW480 or HCT116 cells. Four 

hundred thirty-nine genes up- or down-regulated in both cell lines were defined as common 

differentially regulated genes between the two cell lines. (B) Scatter plots of KEGG pathway 

enrichment analysis of common differentially regulated genes in ABE-treated CRC cells. 

A pathway was considered enriched with a fold enrichment > 2.0 and P < 0.05 with gene 

number > 5. The top 10 enriched pathways are plotted in the figure. (C) Heatmap illustrating 

the expression of common differentially regulated genes in the p53 signaling pathway. 

(D) qRT-PCR analysis of common differentially regulated genes within the p53 signaling 

pathway in SW480 and HCT116 cells. β-Actin mRNA expression was used for an internal 

control. The average (column) ± SD is indicated (*; P value < 0.05, **; P value < 0.01, 

***; P value < 0.001 control vs. ABE). ABE, Aronia berry extract; CRC, colorectal cancer; 

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 4: 
ABE inhibits Chk1 expression in CRC cells, a potential target for systemic therapy in 

CRC. (A) Expression of Chk1 in CRC cases from the TCGA dataset. Expression of Chk1 

was upregulated in tumors vs. normal tissues. (B) Expression of Chk1 in CRC cases from 

GSE104645. Expression of Chk1 was high in nonCR (complete response) cases compared 

to those with CR cases after systemic therapy in CRC. (C) Expression of Chk1 in CRC 

cases from GSE GSE159216. Stage IV CRC with high Chk1 expression was associated 

with poor survival outcomes. (D) qRT-PCR analyses of Chk1 and TP53 in SW480 and 

HCT116 cells after treatment with different concentrations of ABE for 24 hours. β-actin 

mRNA expression was used as an internal control to calculate the relative expression of 

genes. (E) Western immunoblotting of p53 signaling pathway-related proteins (ATR, p-ATR, 

ATM, p-ATM, p53, and p-p53) and β-actin in SW480 and HCT116 cells after treatment with 

different concentrations of ABE for 24 hours. β-actin protein was used for internal control. 

The average (column) ± SD is indicated (*; P value < 0.05 vs. control, **; P value < 0.01 

vs. control, ***; P value < 0.001 vs. control, #; P value < 0.05 vs. ABE-IC25, ##; P value < 

0.01 vs. ABE-IC25, ###; P value < 0.001 vs. ABE-IC25). ABE, Aronia berry extract; Chk1, 

Checkpoint kinase 1; CR, complete response.
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Figure 5: 
ABE-caused cell cycle arrest in the G2/M phase and enhanced DNA damage in CRC cells. 

(A) Representative histograms illustrating cell cycle arrest in the G2/M phase for both cell 

lines following ABE treatment. (B) Representative histograms for the p-H2AX representing 

DNA damage in SW480 and HCT116 cells after treatment with different concentrations 

of ABE for 48 hours. Values are expressed as the percentage of p-H2AX expressed cells. 

(C) Representative images for immunofluorescence assay for p-H2AX with its expression 

enhanced in nuclear for both CRC cells after treatment with ABE. The average (column) ± 

SD is indicated (*; P value < 0.05 vs. control, **; P value < 0.01 vs. control). ABE, Aronia 

berry extract; H2AX, H2A histone family member X, p-; phosphorylated-.
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Figure 6: 
ABE effectively enhanced anti-cancer activity in CRC patient-derived 3D organoid (PDO) 

models and a graphical abstract illustrating the effect of ABE on CRC cells. (A) 
Representative images of PDOs following treatment with different concentrations of ABE 

for 48 hours. The average (column) ± SD of PDO counts and size are indicated (*; P value 

< 0.05 vs. control, **; P value < 0.01 vs. control, ***; P value < 0.001 vs. control). B) 

A schematic illustration of the anti-cancer effect of ABE through the regulation of DNA 

damage by Chk1 and p53 in CRC. (B) A schematic illustration depicting the effect of ABE 

on CRC cells. ABE, Aronia berry extract; Chk1, Checkpoint kinase 1; PDO, patient-derived 

3D organoid.
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