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Abstract. Oncogenes accelerate DNA replication, leading to 
the activation of excessive replication origins. This process 
triggers replication stress (RS) and genomic instability in 
cancer cells, positioning RS as a promising therapeutic target. 
Translesion synthesis (TLS) functions as a DNA damage repair 
bypass mechanism, compensating for RS and conferring a 
proliferation advantage to cancer cells. Despite its therapeutic 
potential, the application of the TLS polymerase REV1 (REV1 
DNA directed polymerase (REV1) inhibitor JH‑RE‑06 in 
colorectal cancer (CRC) remains unexplored. Bioinformatics 
analysis of clinical samples from The Cancer Genome Atlas 
(TCGA) database demonstrated marked REV1 upregulation 
in colorectal tumors compared with normal tissues, which 
was associated with a poorer prognosis. JH‑RE‑06 effectively 
suppressed CRC tumorigenesis both in  vitro and in  vivo. 
Mechanistically, drug rescue experiments and proteomics 
revealed that cell death triggered by JH‑RE‑06 was associated 
with elevated oxidative stress and induction of ferroptosis‑asso‑
ciated signaling. Transmission electron microscopy revealed 
characteristic morphological changes associated with ferrop‑
tosis, including a significant reduction in mitochondrial 
abundance and the presence of autophagic vacuoles containing 
engulfed mitochondria. Biochemical assays confirmed that 
JH‑RE‑06 significantly increased intracellular Fe²+ and 
malondialdehyde (MDA) levels while reducing glutathione 
levels, indicative of ferroptosis. Western blot analysis revealed 
decreased levels of antioxidant proteins, including superoxide 
dismutase 2 (SOD2) and glutamate‑cysteine ligase catalytic 
subunit (GCLC), as well as ferritin. Furthermore, western blot 

and FerroOrange assays, combined with Autophagy‑related 
Gene 7 (ATG7) and Nuclear Receptor Coactivator 4 (NCOA4) 
knockdown experiments, demonstrated that JH‑RE‑06 acti‑
vated ferroptosis in CRC via NCOA4‑mediated ferritinophagy. 
Safety evaluation via hematoxylin and eosin staining of major 
organs in mice showed no notable pathological damage induced 
by JH‑RE‑06. Taken together, these findings establish REV1 
as a potential diagnostic biomarker and therapeutic target in 
CRC. REV1 inhibitor JH‑RE‑06 promoted NCOA4‑mediated 
ferritinophagy and induced programmed cell death, thereby 
highlighting its potential as a safe and effective therapeutic 
strategy for CRC.

Introduction

Globally, colorectal cancer (CRC) accounted for >1.9 million 
newly diagnosed cases of cancer in 2020, leading to almost 
935,000 fatalities. This accounted for one‑tenth of all cancer 
cases and deaths  (1). While chemotherapy is the standard 
treatment for metastatic CRC, the median overall survival is 
20 months (2), and the 5‑year survival rate is 12% (3). These 
statistics reveal the need to unravel the molecular basis of 
treatment resistance and develop targeted therapies that induce 
novel forms of programmed cell death (PCD). Although onco‑
gene activation, a hallmark of tumor growth, provides cancer 
cells with benefits, including resistance to apoptosis and 
promotion of invasion and metastasis, it also induces replica‑
tion stress (RS) (4). Cells have evolved multiple mechanisms 
to manage RS, preventing excess activation that could lead to 
genomic instability and DNA damage. One such mechanism 
is specialized translesion synthesis (TLS), which allows DNA 
replication to proceed past damaged sites, thereby avoiding 
replication fork failure (5).

In cancer cells, the TLS core factor REV1 (REV1 DNA 
directed polymerase (REV1) promotes chemotherapy 
resistance and confers a growth advantage by dynamically 
recruiting Polζ (B‑family DNA polymerase ζ) in an ‘on the 
fly’ or ‘gap‑filling’ process. The on the fly process is initiated 
at platinum‑induced DNA damage sites. In this mechanism, 
the high‑fidelity DNA Polδ is functionally replaced by the 
error‑prone TLS polymerase REV1. REV1 inserts a cytosine 
opposite a lesion or abasic sites, allowing Polζ to continue 
DNA synthesis before switching back to Polδ. This mechanism 
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enables cancer cells to bypass the DNA damage and tolerate 
the toxicity of platinum‑based therapy (6‑9). The gap‑filling 
process involves temporary single‑stranded DNA (ssDNA) gaps 
resulting from the intermittent synthesis of the lagging strand 
during DNA replication. In cancer cells, active oncogenes and 
RS create numerous ssDNA gaps that often require REV1‑Polζ 
for repair, given the fast growth rate of these cells  (10,11). 
Therefore, targeting the REV1‑Polζ complex may counteract 
the development of resistance to platinum‑based chemotherapy. 
Secondly, inhibiting TLS without requiring additional chemo‑
therapy drugs may facilitate the accumulation of ssDNA gaps. 
These gaps impede the ability of cancer cells to replicate and 
proliferate (12), ultimately leading to cell death.

REV1 mRNA levels are upregulated 10.3‑fold in CRC 
when DNA mismatch repair is inactivated or p53 is lost (13). 
The transgenic expression of REV1 in mice accelerates the 
development of intestinal adenoma, with the rate of devel‑
opment being directly proportional to the levels of REV1 
expression (14). A pan‑cancer genomic analysis demonstrated 
an association between low expression of REV1 and a more 
favorable prognosis for CRC (15). Furthermore, high REV1 
expression is associated with a poor prognosis in various types 
of tumor, including CRC (15). Therefore, small molecule drugs 
that specifically target REV1 hold promise for CRC treatment.

Research by Wojtaszek  et  al led to the discovery 
of JH‑RE‑06, a novel compound targeting REV1  (16). 
Combining JH‑RE‑06 with cisplatin arrests tumor growth 
and significantly prolongs survival in mouse models (16‑18), 
while decreasing cisplatin‑induced mutations and enhancing 
tumor cell sensitivity. Although these findings suggest clinical 
potential, whether REV1 inhibitors exert unique mechanisms 
in CRC compared with other cancers remains unexplored. 
Unlike the senescence‑inducing effects of REV1 inhibitors 
reported in melanoma and ovarian cancer cells (17), JH‑RE‑06 
uniquely triggers NCOA4‑mediated ferritinophagy in CRC, 
which results in increased levels of the labile iron pool (LIP), 
inducing ferroptosis. N‑acetylcysteine (NAC), a cysteine 
prodrug, effectively rescues this ferroptotic process. While 
JH‑RE‑06 does not increase the sensitivity of CRC cells to 
oxaliplatin (OXA), it effectively suppresses clonal prolifera‑
tion of OXA‑resistant (OXR) cell lines in vitro and inhibits the 
growth of OXR xenograft tumors in  vivo. As high REV1 
expression in CRC tissues is significantly associated with poor 
patient prognosis (15), the selective inhibition of REV1 by 
JH‑RE‑06 to induce ferroptosis offers a potential therapeutic 
strategy to overcome apoptosis resistance.

Materials and methods

Cell culture. The human CRC cell lines HCT116, SW620 
(Wuhan Servicebio Technology Co., Ltd.), and oxaliplatin-
resistant HCT116 (OXR‑HCT116) (Xiamen Immocell 
Biotechnology Co., Ltd.) cells were maintained under standard 
physiological conditions (37˚C, 5% CO2) using basal DMEM 
(cat. no. G4511) enriched with 10% FBS (cat. no. G8002) and 
antibiotic‑antimycotic solution (1% v/v; cat. no. G4003; all 
Wuhan Servicebio Technology Co., Ltd.).

Expression analysis of REV1 in CRC. The paired‑end RNA 
sequencing files from The Cancer Genome Atlas (TCGA, 

portal.gdc.cancer.gov, accession no. phs000178.v11.p8) for 649 
colorectal tumors [colon adenocarcinoma (COAD) n=456, 
READ n=193; COAD: colon adenocarcinoma; READ: rectal 
adenocarcinoma) were subjected to quality control. Reads were 
aligned using STAR (v2.7.10b (19)). Gene expression differ‑
ences between paired and unpaired datasets were analyzed 
using R (version 4.2.1, R Foundation for Statistical Computing, 
r‑project.org/). Data visualization was performed with ggplot2 
(version 3.4.4, ggplot2.tidyverse.org/), and receiver operating 
characteristic (ROC) curves were generated using pROC 
(version  1.18.4, https://cran.r‑project.org/package=pROC). 
Prognostic analysis of gene expression in CRC (GSE17536 and 
GSE17537) was conducted with PrognoScan (https://dna00.
bio.kyutech.ac.jp/PrognoScan/). CRC tissue microarrays (93 
tissue cores, 37 paired adjacent non‑cancerous and cancer 
tissue samples, 19 metastatic samples) were obtained from 
Shanghai Outdo Biotech Co., Ltd (cat.  no.  T21‑1063). 
Antigen retrieval was performed with 3% H2O2 for 10 min 
at room temperature. Following blocking with 5% normal 
donkey serum (cat.  no.  G1217‑5ML, Wuhan Servicebio 
Technology Co., Ltd.) at room temperature for 30 min, tissue 
sections were probed with REV1‑specific primary antibody 
(cat. no. AB5088; Abcam, 1:250) at 4˚C overnight. Following 
thorough PBS washing, they were treated with HRP‑conjugated 
donkey anti‑goat IgG (cat. no. a0181, Beyotime Institute of 
Biotechnology; 1:250; room temperature, 45 min) followed 
by DAB staining (5 min, room temperature). Counterstaining 
with 0.5% Mayer's hematoxylin was then performed (room 
temperature, 5 min), after which the sections were dehydrated 
through graded ethanol, cleared in xylene, and mounted with 
resin. Stained sections were observed via light microscope 
(Nikon Eclipse E100). REV1 positive rates were analyzed 
using ImageJ 1.49v (National Institutes of Health, NIH).

Inhibitors. The following inhibitors were used at 37˚C under 
5% CO2 JH‑RE‑06 (cat. no. HY‑12621; 0.5‑5.0 µM, 24 or 
72 h treatment; deferoxamine (DFO; cat. no. HY‑B1625; 100 
or 200 µM, 24 h; Z‑VAD‑FMK (cat. no. HY‑16658B): 5 or 
10 µM, 24 h; necrostatin‑1 (cat. no. HY‑15760): 5 or 10 µM, 
24 h; chloroquine (cat. no. HY‑17589A): 10 or 20 µM, 24 h; 
N‑acetylcysteine (cat. no. HY‑B0215; all MedChemExpress): 
15 or 20 mM, 24 h; L‑penicillamine (cat. no. 196312; 100 mM, 
24 h treatment; and 2‑mercaptoethanol (cat. no. M3148; both 
Sigma‑Aldrich; Merck KGaA): 2 mM, 24 h treatment.

RNA interference. Transfection was performed when 2x105 
HCT116 cells in the six‑well plate reached 60% conflu‑
ency. For liposomal transfection complex formation, 15 µl 
Lipofectamine™ 3000 (cat. no. L3000001, Thermo Fisher 
Scientific, Inc.) was mixed with 250 µl Opti‑MEM™ reduced 
serum medium (cat.  no.  31985070, Gibco) and incubated 
at room temperature for 5 min. A total of 15 µl small inter‑
fering (si) RNA [ATG7 (Autophagy‑related gene 7) RNA I 
(cat. no. 6604, Cell Signaling Technology, Inc., sequences not 
available), NCOA4‑targeting and scramble siRNA (sequences 
provided in Table I; Tsingke Biotechnology Co., Ltd.)] at a 
final concentration of 50 nM was separately diluted in 250 µl 
Opti‑MEM reduced serum medium. Each siRNA diluent 
was mixed with the Lipofectamine™ 3000‑Opti‑MEM™ 
mixture, and the transfection complexes were incubated at 
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room temperature for 20 min. The cells were cultured at 37˚C 
under 5% CO2 for 48 h. followed by western blot analysis to 
determine the knockdown efficiency of ATG7 and NCOA4.

Tandem mass tags (TMT) proteomic sequencing. A total 
of 5x105 HCT116 cells underwent treatment with DMSO or 
3 µM JH‑RE‑06 for 24 h prior to washing with PBS and cell 
harvesting at room temperature. Following centrifugation 
at 15,000 g, 4˚C for 30 h, the soluble protein fraction was 
isolated, and underwent BCA protein quantification assay. 
Following concentration normalization (BCA assay: 2  µl 
diluted sample/BSA standard in 96‑well plate, 200 µl 50:1 
Buffer A/B at 37˚C for 30 min, absorbance 562 nm to calculate 
concentration; adjusted to uniform level with PBS), samples 
underwent tryptic digestion (37˚C, overnight), followed 
by lyophilization and storage at  ‑80˚C. TMTpro reagents 
(cat. no. a52047, Thermo Fisher Scientific, Inc.) were used for 
peptide labeling, followed by reverse‑phase chromatographic 
separation. Agilent 1100 HPLC with Zorbax Extend‑C18 
column was used: mobile phases A (2:98 ACN‑H2O, pH 10) 
and B (90:10 ACN‑H2O, pH 10), 300 µl/min, 210 nm detection. 
Eluates (8‑54 min) collected cyclically into tubes, lyophilized, 
frozen for MS. The samples were loaded onto an Acclaim 
PepMap RSLC column (75 µm x50 cm, RP‑C18, Thermo 
Fisher) for separation at a flow rate of 300 nl/min. Data were 
analyzed using Proteome discoverer 2.4.1.15 (Thermo Fisher 
Scientific). Pathway analysis of differentially expressed 
proteins was performed using the KEGG (Kyoto Encyclopedia 
of Genes and Genomes) database (integrated with KEGG 
annotation results). The hypergeometric distribution test was 
applied to calculate the significance of differential protein 
enrichment in each pathway entry, which was represented by 
the P‑value.

Western blotting. A total of 5x105 HCT116 or SW620 cellular 
proteins were extracted using RIPA buffer (cat. no. p0013b, 
Beyotime Institute of Biotechnology). Protein concentra‑
tion was determined using the BCA assay. A total of 30 µg 
of protein per lane was resolved via 12% SDS‑PAGE and 
electroblotted onto PVDF membranes (200 mA, 90 min). 
Following blocking with 5% skimmed milk at room 
temperature for 1 h, membranes were probed with primary 
antibodies (4˚C, overnight) and corresponding secondary 
antibodies (1:1,000 dilution, cat. no. zb‑2301 for anti‑rabbit; 
cat. no. zb‑2305 for anti‑mouse, Beijing Zhongshan Jinqiao 
Biotechnology Co., Ltd.) conjugated to horseradish peroxidase 
at room temperature for 90 min, followed visualization using 

an ECL kit (cat. no. s6009l, Ue landy). Densitometric analysis 
was performed using ImageJ 1.49v (National Institutes of 
Health). The primary antibodies were as follows: Glutathione 
peroxidase 4 (GPX4; cat. no. 52455), NCOA4 (Nuclear receptor 
coactivator 4, cat. no. 66849), FTH1 (Ferritin heavy chain 
1, cat. no. 3998), γH2AX (Phosphorylated histone H2AX, 
cat. no. 2577), SOD2 (Superoxide dismutase 2, cat. no. 13141), 
H2AX (cat. no. 2595), and ATG7 (cat. no. 2631; all 1:1,000, 
Cell Signaling Technology, Inc.). FTL1 (ferritin light chain 
1, cat. no. 84731‑7‑RR), GCLC (Glutamate‑cysteine ligase 
catalytic subunit, cat.  no.  12601‑1‑AP; both Proteintech 
Group, Inc.), LC3I/II (Microtubule‑associated protein 1 
light chain 3 I/II, cat. no. 14600‑1‑AP), p62 (Sequestosome 
1, cat. no. 66184‑1‑Ig), Tubulin (cat. no. 11224‑1‑AP), and 
GAPDH (all 1:2,000, cat. no. 60004‑1‑Ig, Proteintech Group, 
Inc.).

Transmission electron microscopy (TEM). 5x105 HCT116 
or SW620 cells treated with JH‑RE‑06 (1.5 and 3.0 µM for 
HCT116 cells, and 1.0 and 1.5 µM for SW620 cells), or 9 µl 
DMSO at 37˚C for 24 h, then collected and fixed overnight 
at 4˚C in a fixation solution (cat. no. G1102; Wuhan Servicebio 
Technology Co., Ltd.). This was followed by 2 h fixation 
at room temperature using 1% osmium tetroxide in PBS. 
Following washing by PBS, samples underwent gradient dehy‑
dration using ethanol and acetone. Samples were embedded 
in 812 embedding agent (cat. no. GP2001, Wuhan Servicebio 
Technology Co., Ltd.) and acetone. Embedding was performed 
overnight at 37˚C, followed by polymerization at 60˚C for 
48 h. Ultrathin sections (60 nm) were dual‑stained: uranyl 
acetate (5% aqueous solution) at 37˚C for 15 min, followed by 
lead citrate (0.5% aqueous solution) at room temperature for 
15 min, then air‑dried and imaged using a Hitachi HT7700 
TE microscope. Mitochondrial numbers were counted, 
and autophagic vacuoles with engulfed mitochondria were 
analyzed using ImageJ 1.49v (National Institutes of Health).

Immunofluorescence assay. HCT116 cells were fixed with 
4% PFA for 15 min at room temperature. Subsequently, 0.5% 
Triton X‑100 was applied for 20 min for permeabilization at 
room temperature. Finally, non‑specific binding sites were 
blocked with 10% goat serum (cat.  no.  C0265, Beyotime 
Institute of Biotechnology) for 30 min at room temperature. 
Following blocking, cells were incubated with γH2AX 
primary antibody (cat. no. 2577, Cell Signaling Technology, 
1:500) at 4˚C for 16 h, then exposed to fluorescent secondary 
antibody (Alexa‑Fluor 488; cat. no. ab150077, Abcam; 1:1,000) 

Table I. RNA interference sequences.

Target Gene	 Primer Name	 Sense Sequence (5'→3')	 Antisense Sequence (5'→3')

NCOA4	 NCOA4‑01	 GACCUUAUUUAUCAGCUUA	 UAAGCUGAUAAAUAAGGUC
	 NCOA4‑02	 GGAGAACAGUCAGACUUCU	 AGAAGUCUGACUGUUCUCC
	 NCOA4‑03	 CCAGGAAGUAUUACUUAAU	 AUUAAGUAAUACUUCCUGG
Negative control	 Scramble	 CUAGAUACUAGACUGAUAA	 UUAUCAUCUAGUUAUCUAG

NCOA4, nuclear receptor coactivator 4.

https://www.spandidos-publications.com/10.3892/or.2025.8992
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for 1 h at room temperature in the dark and finally stained with 
DAPI using a 1 µg/ml aqueous solution at room temperature 
for 5 min for nuclear visualization. Samples were mounted 
with antifade medium (cat. no. P0128S, Beyotime) and imaged 
by confocal microscopy, and image analysis was performed 
using NIS‑elements viewer 5.21 (Nikon Instruments, Inc.).

Cell Counting Kit (CCK)‑8 assay. HCT116 or SW620 cells in 
the logarithmic growth phase were trypsinized, resuspended 
in complete DMEM (5x103  cells/100  µl) and seeded into 
96‑well plates (100 µl/well). Following 24 h culture at 37˚C, 
the medium was replaced with medium containing JH‑RE‑06 
(0.0, 0.5, 1.0, 1.5, 3.0, 5.0 µM), and cells were cultured at 37˚C 
for 24 or 72 h. CCK‑8 reagent (cat. no. C6005, Us Everbright 
Inc.) was added (1 h, 37˚C in the dark), and the absorbance was 
measured at 450 nm.

Clone formation assay. Following 50 µM OXA or 3.0 µM 
JH‑RE‑06 treatment (24 h, 37˚C), OXR‑HCT116 cells were 
resuspended in DMEM following trypsin digestion to prepare 
a cell suspension; subsequent cell counting was performed, and 
the cells were then diluted to the same density using DMEM. 
After being plated (1,000, 2,000 and 5,000 cells/well) in 6‑well 
plates and maintained at 37˚C for 14 days, the cultured cells 
were fixed with 4% paraformaldehyde solution for 20 min at 
room temperature, with subsequent PBS washing. Cells were 
stained with 0.2% crystal violet for 5 min at room tempera‑
ture. Under a light microscope, positive clones (defined as cell 
aggregates containing >50 cells) were identified and counted 
manually. Then the cloning rate was determined by dividing 
the clone count by the initial number of seeded cells.

Ferroptosis assay. 5x105 HCT116 cells were treated with 
3.0  µM JH‑RE‑06, and 5x105 SW620 cells were treated 
with 1.5 µM JH‑RE‑06 at 37˚C for 6, 12 and 24 h, respec‑
tively. A assay kits were used to measure Fe2+ content (Cell 
Ferrous Iron Colorimetric Assay kit; cat. no. E‑BC‑K881‑M, 
Wuhan Elabscience Biotechnology Co., Ltd.), malondialde‑
hyde (MDA) levels (MDA Detection kit; cat. no. KGT003) 
and glutathione (GSH) content (GSH Detection kit; 
cat. no. KGT006, both Jiangsu Kaiji Biotechnology Co., Ltd.) 
according to the manufacturers' instructions. Following 3.0 µM 
JH‑RE‑06 treatment (24 h, 37˚C), 5x105 HCT116 cells were 
washed with PBS and incubated with FerroOrange fluorescent 
probe (cat.  no. F374, Dojindo Laboratories Inc.; 1 µmol/l 
working concentration) at 37˚C for 30 min. Cells were washed 
again with PBS and imaged using laser confocal microscopy 
and image analysis was performed using NIS‑Elements 
Viewer 5.21.

Animal experiment. 24 Male BALB/c nude mice (age: 
4‑5 weeks; initial weight: 18‑22 g; Ningxia Medical University 
Laboratory Animal Center) were housed at  25˚C, rela‑
tive humidity at 50%, a 12 h light/12 h dark cycle, and ad 
libitum access to sterile standard rodent chow and filtered 
water. All methods received approval from the Laboratory 
Animal Ethical and Welfare Committee at Ningxia 
Medical University Laboratory Animal Center (approval 
no.  IACUC‑NYLAC‑2022‑022). Each mouse was injected 
with 5x106 OXR‑HCT116 cells into the axilla. After 12 days 

of post‑injection culture, the mice were randomized into three 
groups (n=8 per group based on power analysis) as follows: 
i) Oxaliplatin (5 mg/kg, i.p.), ii) JH‑RE‑06 (1.6 mg/kg, intratu‑
moral) and iii) DMSO (100 µl, intratumoral), all of which were 
administered every 48 h to monitor therapeutic effects and 
recovery. The maximum volume of the tumor was <2,000 mm3 
(volume=π/6x length x width x height). The maximum tumor 
volume and diameter were 1,450 mm3 and 15 mm, respec‑
tively. Following 20 consecutive administrations, animals 
were euthanized with isoflurane, perfused with PBS and 4% 
paraformaldehyde at room temperature (15 min) and organs 
(heart, liver, spleen, lung and kidney) and tumor samples 
were collected and measured. Anesthesia for all surgical and 
tumor measurement procedures consisted of isoflurane (5% 
for induction, 2% for maintenance). Confirmation of death was 
established by the absence of a pedal/toe pinch reflex and the 
cessation of breathing for ≥1 min.

Immunohistochemistry.  Paraff in‑embedded tumor 
specimens were prepared by fixing tissues with 4% parafor‑
maldehyde (4˚C, 12 h), embedding in paraffin, and sectioning 
into 5  µm‑thick slices. Sections were deparaffinized 
(xylene/ethanol) and subjected to EDTA‑mediated antigen 
retrieval (0.01 M EDTA, pH 9.0; 95˚C, 5 min). Endogenous 
peroxidase was quenched with 3% H2O2 (room temperature, 
10 min). Non‑specific binding was blocked with 10% goat 
serum (cat. no. C0265, Beyotime; room temperature, 30 min). 
Sections were probed with anti‑PCNA (cat. no. GB11010‑50, 
Wuhan Elabscience Biotechnology Co., Ltd.; 1:500) and Ki‑67 
(cat. no. GB111499‑100, Wuhan Elabscience Biotechnology 
Co., Ltd.; 1:200) antibodies (4˚C, overnight). Following 
PBS‑T (0.05% Tween‑20) washes, they were treated with 
HRP‑conjugated goat anti‑rabbit IgG (cat. no. G1213‑100UL, 
Wuhan Elabscience Biotechnology Co., Ltd.; 1:200; room 
temperature, 45 min), followed by DAB chromogen staining 
(5 min). Then counterstaining with 0.5% Mayer's hematoxylin 
(room temperature, 5 min) and mounting. Stained sections 
were observed via light microscope (50 µm scale bar; Nikon 
Eclipse E100). PCNA/Ki‑67 positive rates were analyzed 
using ImageJ 1.49v (National Institutes of Health).

H&E staining. Mouse organ wax blocks were sequentially 
deparaffinized in graded xylene (analytical grade) and dehy‑
drated in a series of ethanol (70%→80%→95%→100%, v/v). 
Hematoxylin staining (working concentration: 0.5%, w/v; 
cat. no. Y269827, Beyotime) was performed at room tempera‑
ture for 5 min, followed by tap water washing. Differentiation 
and eosin counterstaining (working concentration: 0.5%, w/v; 
cat. no. C0109, Beyotime Institute of Biotechnology) were 
conducted at room temperature for 3 min. After re‑dehydration 
in the above ethanol gradient and clearing in xylene (analytical 
grade, room temperature), sections were mounted with neutral 
gum and examined under a light microscope (Nikon Eclipse 
E100).

Reactive oxygen species (ROS) detection. 5x105 HCT116 cells 
were treated with 3.0 µM JH‑RE‑06 for at 37˚C for 24 h. 
Then, the cells were loaded with 10 µM DCFH‑DA (dissolved 
in serum‑free DMEM medium) and incubated at 37˚C for 
30 min in the dark. Subsequently, cells were washed 3 times 



ONCOLOGY REPORTS  54:  159,  2025 5

with pre‑warmed (37˚C) PBS. ROS‑derived green fluores‑
cence (488/525 nm) was imaged using a inverted fluorescence 
microscope. Image acquisition and fluorescence intensity 
quantification were conducted using NIS‑Elements Viewer 
5.21. ROS levels were calculated as the mean fluorescence 
intensity of cells in the captured fields.

Statistical analysis. The experiments were repeated in trip‑
licate. All data are presented as mean ± standard error of 
the mean (SEM). Statistical analysis was performed using 
GraphPad Prism 9.5.1 (Dotmatics, Inc.), employing one‑way 
ANOVA followed by Sidak's post hoc test. Paired comparisons 
were performed by Wilcoxon signed‑rank test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

REV1 is upregulated in CRC tissue and associated with a 
poor prognosis. To delineate the role of REV1 in colorectal 
carcinogenesis, the present study assessed transcriptomic 
profiles from 644 TCGA colorectal adenocarcinoma samples 
(COAD/READ). Ggplot2‑based analysis demonstrated signifi‑
cantly elevated expression of both REV1 and REV7 in tumor 
vs. adjacent normal tissue, consistent across unpaired (Fig. 1A) 
and paired sample analyses (Fig. 1B). The baseline character‑
istics of the patients are provided in Table SI. Expression levels 
were not significantly associated with clinicopathological 
parameters, including sex, age, TNM stage, or perineural inva‑
sion. Conversely, the presence of colon polyps was associated 
with REV1. Significant differences were found in lymphatic 
invasion with respect to REV1 expression (Table SI). The 
PrognoScan database was used to assess the association 
between REV1 expression and CRC prognosis (20). Analysis 
of datasets GSE17536 and GSE17537 showed a significant 
association between high REV1 expression and poor prog‑
nosis (Fig. 1C). To detect the expression of REV1, quantitative 
IHC analysis was performed on 35 paired specimens using 
tissue microarrays (Baseline information for CRC tissue 
chips is provided in Table SII). Consistent with TCGA find‑
ings, there was a significant increase in REV1 protein levels 
in CRC tumors compared with the paired normal tissues 
(Fig. 1D and E). Overall, these findings established high REV1 
expression as a negative prognostic marker in CRC.

REV1 inhibitor JH‑RE‑06 suppresses CRC tumorigenesis 
both in vitro and in vivo. To exploit REV1 as a drug target, 
the present study evaluated JH‑RE‑06, a compound that 
impairs REV1 function by inducing inactive dimer forma‑
tion  (16). CCK‑8 assay revealed that JH‑RE‑06 decreased 
the proliferation of CRC cells in a dose‑ and time‑dependent 
manner and induced DNA damage, as indicated by increased 
γH2AX levels (Fig. 2A). While JH‑RE‑06 is hypothesized to 
enhance tumor cell sensitivity to platinum‑based drugs (21), 
western blot and immunofluorescence analysis show that 
JH‑RE‑06 did not modify the effect of OXA in HCT116 cells 
(Fig. 2B and C). To assess its efficacy in resistant models, 
OXR‑HCT116 cells were used (Fig.  S1A). Crystal violet 
staining demonstrated that JH‑RE‑06 effectively inhibited 
the clonogenic capacity of OXR‑HCT116 cells (Fig. S1B). 
Therapeutic efficacy of JH‑RE‑06 was assessed in vivo using 

a xenograft mouse model developed with OXR‑HCT116 cells 
(Fig. S1C). The JH‑RE‑06 group displayed a substantial reduc‑
tion in tumor volume, indicating its effectiveness against OXR 
malignancies (Figs. 2D and S1D). Safety of JH‑RE‑06 was 
assessed by hematoxylin and eosin staining of the hearts, livers, 
spleens, lung and kidney of treated mice. No notable patho‑
logical damage was observed in these major organs (Fig. S1E). 
Immunohistochemistry for proliferation markers Ki67 and 
PCNA revealed that JH‑RE‑06 significantly suppressed tumor 
growth and blood vessel formation (Fig. 2E). In summary, the 
REV1 inhibitor JH‑RE‑06 induced DNA damage in CRC cells 
and inhibited tumor growth both in vitro and in vivo.

Cell death induced by REV1 inhibition is associated with 
oxidative stress and ferroptosis. To investigate the mecha‑
nism by which JH‑RE‑06 causes cell death, CRC cells were 
pre‑treated with inhibitors that target different PCD pathways, 
such as apoptosis (Z‑VAD‑FMK), necroptosis (necrostatin‑1), 
autophagy (chloroquine), ferroptosis [deferoxamine, DFO), 
and antioxidants (L‑penicillamine, 2‑mercaptoethanol, and 
N‑acetylcysteine). CCK‑8 assay showed that DFO partially 
alleviated JH‑RE‑06‑induced cell death, while antioxidants 
almost completely reversed this in both HCT116 and SW620 
cells (Fig.  3A  and  B). To investigate global proteomic 
changes, TMT proteomics was performed on HCT116 cells 
treated with DMSO or 3 µM JH‑RE‑06 for 24 h. Proteomic 
analysis revealed 650 significantly altered proteins following 
JH‑RE‑06 treatment (Fig.  3C). Downregulated proteins 
were predominantly enriched in ‘DNA replication’, ‘oxida‑
tive phosphorylation’, and ‘cell cycle’ (Fig. 3D). Notably, a 
subset of these downregulated proteins was also associated 
with mitochondrial function, including mitochondrial ribo‑
somal protein small and large subunits and members of the 
NADH:ubiquinone oxidoreductase subunit family (Fig. 3F). 
Upregulated proteins were significantly associated with 
‘ferroptosis’ and oxidative stress pathways, including ‘steroid 
biosynthesis’, ‘cysteine and methionine metabolism’, and 
‘citrate cycle (TCA cycle)’ (Fig. 3E). These findings suggested 
that REV1 inhibition modulated oxidative stress, mitochon‑
drial function and ferroptosis.

JH‑RE‑06 triggers ferroptosis in CRC cells. Ferroptosis is 
characterized by iron‑catalyzed lipid peroxidation and is 
controlled by mitochondrial activity and LIP concentrations. 
Therefore, the present study investigated the subcellular 
changes in JH‑RE‑06‑treated CRC cells. TEM revealed a 
significant reduction in mitochondrial abundance in both 
HCT116 and SW620 cells after 24 h JH‑RE‑06 treatment 
(Fig. 4A and B). Autophagic vacuoles containing engulfed 
mitochondria were observed (Fig. 4A and B). Intracellular 
free Fe²+ levels increased following 6 h treatment, peaking 
at 24 h in both HCT116 and SW620 cells (Fig. 4C and D). 
Concurrently, levels of the lipid oxidation marker MDA 
and ROS increased, while GSH levels decreased over time 
(Figs. 4C and D and S2A). These results collectively indicated 
that JH‑RE‑06 induced a time‑dependent increase in Fe²+ and 
MDA levels, alongside a decrease in GSH levels. Furthermore, 
western blot analysis confirmed that the protein expression 
levels of mitochondrial (SOD2) and ferritin‑(FTL) and gluta‑
thione‑related proteins (GCLC) decreased following treatment 

https://www.spandidos-publications.com/10.3892/or.2025.8992
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Figure 1. REV1 expression is upregulated in CRC tissues and associated with poor prognosis. (A) Analysis of 644 unpaired samples from TCGA database 
revealed elevated expression of the REV1 and its binding partner REV7 in clinical CRC samples. (B) Analysis of 50 paired samples from TCGA database 
showed that REV1 and REV7 were significantly more highly expressed in cancer compared with adjacent non‑cancerous tissue. (C) Prognostic analysis of 
REV1 in CRC was performed using PrognoScan database datasets (accession no. GSE17536/37). (D) REV1 expression levels were analyzed in 35 paired 
CRC tissue samples using a tissue microarray, which revealed significantly elevated REV1 expression in CRC vs. adjacent normal tissue. (E) Representative 
immunohistochemical REV1 staining in CRC tissue. Scale bar, 50 µm. ***P<0.001, **P<0.01, *P<0.05. REV1, REV1 DNA directed polymerase; CRC, colorectal 
cancer; TCGA, The Cancer Genome Atlas; TPM, transcripts per kilobase of exon model per million mapped reads; DFS, disease‑free survival; OS, overall 
survival; DSS, disease‑specific survival; OD, optical density.
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Figure 2. JH, a REV1 DNA directed polymerase inhibitor, suppresses CRC tumorigenesis both in vitro and in vivo. (A) Cell viability assessed by Cell Counting 
Kit‑8 revealed differential sensitivity to JH, with sustained effects observed at 72 h vs. 24 h in CRC models. WB analysis was used to detect γH2AX levels in 
cells treated with JH for 24 h. For HCT116 cells, JHL represents 1.5 and JHH represents 3.0 µM JH. For SW620 cells, JHL represents 1.0 and JHH represents 
1.5 µM JH. Concentrations were selected based on treatments that resulted in ~50% cell viability after 24 or 72 h. GAPDH was used as the internal control. 
(B) Immunofluorescence staining of γH2AX in HCT116 cells treated with 3.0 µM JH and/or 5.0 µM OXA for 12 and 24 h. Scale bar, 20 µm. (C) WB analysis 
of γH2AX levels after treatment with JH and/or OXA, with GAPDH as the loading control. Quantitative analysis revealed no significant differences between 
the JH and OXA‑JH treatment groups. (D) Tumor growth curves for OXA‑resistant HCT116 cell xenografts in mice. (E) Representative immunohistochemical 
images of PCNA and Ki‑67 staining in tumor sections. Scale bar, 50 µm. **P<0.01, *P<0.05. CRC, colorectal cancer; JHH, JH‑RE‑06 high; JHL, JH‑RE‑06 
low; WB, western blot; H2AX, histone H2AX; OXA, oxaliplatin; PCNA, proliferating cell nuclear antigen; Con, control; ns, not significant.

https://www.spandidos-publications.com/10.3892/or.2025.8992
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with 3.0 µM JH‑RE‑06. This decrease was consistent with 
proteomics findings (Fig. 4E). Taken together, these results 
suggest that JH‑RE‑06 triggered ferroptosis in CRC cells.

JH‑RE‑06 triggers ferroptosis via NCOA4‑mediated 
ferritinophagy in CRC cells. Ferroptosis represents an 
iron‑catalyzed, lipid peroxidation‑mediated programmed 
cell death pathway  (22). NCOA4‑mediated ferritinophagy 

plays a critical role in ferroptosis by regulating cellular iron 
homeostasis (23). Ferritinophagy, the autophagic degradation 
of ferritin, increases the LIP, which promotes ferroptosis (24). 
CRC cells are both iron‑rich and iron‑dependent (25), making 
the regulation of iron homeostasis a key factor in CRC progres‑
sion and therapeutic resistance (26). Proteomics sequencing 
revealed elevated NCOA4 expression and a decrease in its regu‑
latory proteins, suggesting that NCOA4 is key for modulating 

Figure 3. Cell death induced by REV1 DNA directed polymerase inhibition is associated with oxidative stress and ferroptosis. Viability of (A) HCT116 cells 
treated with 3 µM JH and (B) SW620 cells treated with 1.5 µM JH in the presence or absence of inhibitors. (C) Differentially expressed proteins enriched 
by proteomics. Compared with the DMSO group, JH upregulated 192 proteins and downregulated 458 proteins. (D) Downregulated pathways. The top 20 
enriched KEGG pathways are illustrated. (E) Upregulated pathways. (F) Hierarchical clustering of differentially expressed mitochondrial‑associated genes. 
****P<0.0001, *P<0.05. JH, JH‑RE‑06; KEGG, Kyoto encyclopedia of genes and genomes; DFO, deferoxamine; Z‑VAD, z‑vad‑fmk; Nec, necrostatin‑1; CQ, 
chloroquine; NAC, n‑acetylcysteine; L‑PEN, l‑penicillamine; ME, 2‑mercaptoethanol; ns, not significant; Con, control; FC, fold change; MRPL, mitochondrial 
ribosomal protein large subunit; MRPS, mitochondrial ribosomal protein small subunit; NDUF, NADH:ubiquinone oxidoreductase subunit.
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Figure 4. JH triggers ferroptosis in colorectal cancer cells. Transmission electron microscopy of (A) HCT116 and (B) SW620 cells treated with JHL and JHH 
for 24 h show intracellular vacuolar changes, with mitochondria‑like structures undergoing digestion inside the vacuoles. Scale bar, 5 µm. Changes in intracel‑
lular Fe²+ concentration, MDA and GSH levels (normalized to total protein) in (C) HCT116 cells treated with 3.0 µM JH and (D) SW620 cells treated with 
1.5 µM JH at 6, 12 and 24 h post‑treatment. (E) Relative protein expression levels of SOD2, FTL and GCLC following 12 and 24 h JH treatment in HCT116 
cells; 24 h exposure to JH resulted in significant downregulation of antioxidant proteins SOD2, FTL and GCLC. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. 
JHH, JH‑RE‑06 high; JHL, JH‑RE‑06 low; MDA, malondialdehyde; GSH, glutathione; SOD2, superoxide dismutase 2; FTL, ferritin light chain; GCLC, 
glutamate‑cysteine ligase catalytic subunit; ns, not significant; Con, control.

https://www.spandidos-publications.com/10.3892/or.2025.8992
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cellular iron levels following JH‑RE‑06 treatment. Therefore, 
it was hypothesized that JH‑RE‑06 increased the LIP in an 
NCOA4‑dependent manner, thereby inducing ferroptosis via 
ferritinophagy. To validate this hypothesis, the present study 
assessed changes in the expression of ferritinophagy‑asso‑
ciated proteins following JH‑RE‑06 treatment in CRC cells 
using western blotting. JH‑RE‑06 increased the expression of 
NCOA4, p62 and LC3 at both 12 and 24 h (Figs. 5A and B and 

S2B and C). FTH1 expression increased at 12 but decreased 
by 24 h. To verify the reliability of the experimental system, 
DFO was used to chelate Fe²+ and protein levels of LC3II, 
NCOA4, and p62 were increased (Figs. 5A and B). Next, the 
role of LIP in mediating the effects of JH‑RE‑06 was explored 
by pre‑treating cells with DFO to chelate Fe²+, followed by 
JH‑RE‑06 treatment. In the combination group, NCOA4 
expression was sustained for longer period with the DFO 

Figure 5. JH triggers ferroptosis via NCOA4‑mediated ferritinophagy in colorectal cancer cells. (A) HCT116 cells were treated with 3.0 µM JH and (B) SW620 
cells with 1.5 µM JH and/or 50 µM DFO for 12 and 24 h before WB analysis for p62, LC3, NCOA4 and FTH1, normalized to GAPDH. (C) WB analysis of 
HCT116 cells with or without ATG7 knockout, treated with 3.0 µM JH. (D) HCT116 cells were transfected with scramble or siNCOA4 for 48 h, then treated 
with 3.0 µM JH for 24 h. Cells were incubated with FerroOrange probe and imaged using laser confocal microscopy. Scale bar, 50 µm. (E) Lipid peroxidation 
levels were measured in ATG7 and NCOA4 knockdown cells, as well as wild‑type HCT116 and SW620 cells, treated with JH. ***P<0.001, **P<0.01, *P<0.05. JH, 
JH‑RE‑06; NCOA4, nuclear receptor coactivator 4; WB, western blot; LC3, microtubule‑associated protein 1 light chain 3; FTH, ferritin heavy chain; ATG, 
autophagy‑related gene; si, small interfering; DFO, deferoxamine.
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group, and FTH1 levels were also elevated. To investigate 
the role of ferritinophagy, ATG7 or NCOA4, key proteins 
involved in ferritinophagy and Fe²+ recycling, were silenced 
before treating the cells with JH‑RE‑06 (Fig. S2D). In these 
cells, the expression of NCOA4, LC3II, and p62 in response 
to JH‑RE‑06 was partially mitigated (Figs. 5C and S2D), and 
FTH1, a substrate for ferritinophagy degradation, accumu‑
lated due to impaired autophagy (Fig. 4C and S2E). LIP was 
assessed using the FerroOrange test. In wild‑type HCT116 
cells, JH‑RE‑06 treatment induced a significant increase in 
LIP at 24 h, indicating iron overload. However, in siNCOA4 
cells, the JH‑RE‑06‑induced increase in LIP was not observed 
at 24 h due to the inhibition of ferritin degradation. This 
suggested that the iron overload induced by JH‑RE‑06 is 
dependent on functional NCOA4‑mediated ferritinophagy 
(Fig. 5D). Silencing ATG7 or NCOA4 before JH‑RE‑06 treat‑
ment resulted in decreased MDA levels (Fig. 5E). Based on 
these findings, it was hypothesized that JH‑RE‑06 induces 
ferroptosis through NCOA4‑mediated ferritinophagy, 
disrupting iron homeostasis and promoting lipid peroxidation.

Discussion

REV1 is implicated in cancer development by enabling 
cells to bypass DNA damage, thereby accumulating genetic 
mutations and increasing cancer risk (14). Most CRCs origi‑
nate from polyps, which progress through abnormal crypts 
into neoplastic precursor lesions over 10‑15 years (27). The 
present study highlighted the clinical value of REV1 in CRC. 
Bioinformatics analysis and immunohistochemical staining of 
tissue microarrays revealed that high tumoral REV1 expres‑
sion served as a negative prognostic indicator. Furthermore, 
bioinformatics analysis identified a significant association 
between high REV1 expression and the presence of colon 
polyps, indicating its potential role in early colorectal tumori‑
genesis. These findings collectively suggested that REV1 is a 
promising therapeutic target for both early intervention and 
advanced CRC treatment.

Studies have focused on enhancing cancer cell sensi‑
tivity to platinum‑based agents by genetically inhibiting 
REV1 (6,7). Early studies proposed that REV1 ablation may 
potentiate OXA efficacy by exacerbating DNA damage and 
apoptosis (21,28). However, OXA primarily exerts cytotoxic 
effects via ribosome biogenesis stress, independent of DNA 
damage mechanisms  (29). Similarly, the present study 
revealed that pretreatment with the REV1 inhibitor JH‑RE‑06 
enhanced cellular resistance to OXA or oncogene‑induced 
(cyclin E overexpression) RS can render cancer cells hyper‑
sensitive to TLS inhibition (11,30). Clinically, while OXA 
treatment often leads to drug resistance in CRC, it generates 
a therapeutic vulnerability that may be exploited  (31). To 
validate this hypothesis, the present study established OXR 
CRC models. Both clonogenic assays and xenograft experi‑
ments revealed that JH‑RE‑06 selectively inhibited OXR cell 
proliferation while exhibiting minimal toxicity, positioning it 
as a promising second‑line therapeutic candidate for refrac‑
tory CRC.

While previous research has explored the effects of 
JH‑RE‑06 in lung and BRCA1/2‑deficient cancer  (10,18), 
the specific PCD mechanisms remain unclear. The present 

study established JH‑RE‑06 as a DNA‑damaging agent 
that inhibited CRC cell proliferation in a dose‑dependent 
manner. Pharmacological rescue experiments revealed that 
JH‑RE‑06‑induced cell death was mitigated by cysteine 
regenerators (L‑penicillamine, 2‑mercaptoethanol and 
N‑acetylcysteine) and the iron chelator DFO, suggesting that 
the cell death mechanism was consistent with ferroptosis 
rather than conventional PCD pathways such as apoptosis, 
necrosis or autophagy. Ferroptosis is a metabolically regulated 
cell death process driven by iron‑dependent lipid peroxidation 
and compromised redox balance (32). In the present study, 
proteomics analysis confirmed that JH‑RE‑06 promoted cell 
signaling pathways associated with ‘DNA replication’, ‘ferrop‑
tosis’, and ‘oxidative phosphorylation’.

JH‑RE‑06 treatment in CRC cells resulted in decreased 
mitochondrial abundance and intracellular GSH levels, 
and significant elevations in intracellular Fe²+ and MDA 
concentrations, which represent key features of ferroptosis. 
Consistent with these findings, REV1 deficiency‑induced RS 
causes metabolic stress, leading to mitochondrial dysfunction 
in mouse embryonic fibroblasts (33). Studies in REV1‑/‑ mice (a 
replication stress model) (21) have demonstrated sex‑dependent 
metabolic disturbances, underscoring the dual role of REV1 in 
DNA stability and metabolic control (34).

The association between REV1 inhibition and ferrop‑
tosis remains incompletely understood. However, emerging 
evidence indicates NCOA4‑mediated ferritinophagy as a key 
mechanism, involving iron liberation through ferritin degra‑
dation and RS via minichromosome maintenance protein 
complex 2‑7, helicase interference (35). JH‑RE‑06 treatment in 
wild‑type CRC cells significantly upregulated both autophagy 
markers (LC3I/II and p62) and ferritinophagy‑associated 
proteins. This was characterized by increased NCOA4 expres‑
sion, decreased FTH1 levels and consequent elevation of LIP. 
The experimental system was validated by using DFO to 
chelate Fe2+, which demonstrated target protein changes aligned 
with prior reports (36,37). By contrast, ATG7 knockout CRC 
cells exhibited increased FTH1 levels and no increase in LIP 
following JH‑RE‑06 treatment. Moreover, JH‑RE‑06‑treated 
autophagy‑deficient CRC cells showed decreased MDA levels, 
indicating that the ferroptosis induced by JH‑RE‑06 may 
depend on NCOA4‑mediated ferritinophagy. Recent research 
has highlighted the role of NCOA4 in regulating both DNA 
replication origins and iron autophagy‑mediated LIP, with 
potential Fe‑S cluster degradation (38). REV1 protects replica‑
tion forks by suppressing their remodeling (11), while NCOA4 
regulates DNA replication origins, preventing RS  (39). 
However, the precise regulatory association between REV1 
inhibition and NCOA4 remains to be fully elucidated.

Recent studies have indicated the potential of REV1 inhibi‑
tors as regulators of cell metabolism for cancer therapy (40,41). 
In epithelial ovarian cancer, fumarate‑mediated modulation of 
TLS may enhance the efficacy of genotoxic chemotherapy (40). 
In pulmonary malignancy, REV1 promotes radioresistance by 
modulating amino acid metabolism, specifically via cysta‑
thionine γ‑lyase ubiquitination and subsequent disruption of 
Gly/Ser/Thr metabolic flux (41). These findings suggest that 
the development of more selective REV1 inhibitors may offer 
novel therapeutic opportunities, especially when conventional 
apoptosis mechanisms are compromised.

https://www.spandidos-publications.com/10.3892/or.2025.8992
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The present findings established REV1 as both a prog‑
nostic marker and therapeutic candidate in CRC, with elevated 
expression associated with poorer survival. The specific 
inhibitor JH‑RE‑06 induced DNA damage and suppressed 
tumor cell proliferation, while also triggering oxidative stress 
in CRC cells. JH‑RE‑06 regulated intracellular iron overload 
via NCOA4‑mediated ferritinophagy, thereby activating 
ferroptosis. This led to an increase in the LIP, contributing to 
oxidative stress and initiating ferroptosis, which was reversed 
by DFO and free radical scavengers such as NAC. JH‑RE‑06 
effectively inhibited the proliferation of CRC cells, high‑
lighting its clinical potential as a therapeutic option for CRC, 
including both treatment‑naive and chemotherapy‑resistant 
forms.
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