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ciclopirox on the inhibition of
HMGA2-mediated oncogenic
capacity in ACHN renal cell
carcinoma
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2College of Basic Medical Sciences, Dalian Medical University, Dalian, China, *Department of Nutrition
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Ciclopirox olamine (CPX), an off-patent antifungal agent with a broad
antimicrobial spectrum, is used to treat fungal infections. In addition to its
antifungal effects, it inhibits tumor growth. However, little is known about the
direct target proteins and anticancer mechanisms of CPX. The non-histone
chromatin protein encoded by HMGA2, known as human high-mobility group
A2, plays a crucial role in various biological processes such as cell cycle
regulation, apoptosis induction, DNA damage repair, and the process of
epithelial-mesenchymal transition. Increased HMGA2 expression is closely
linked to tumor advancement, unfavorable prognosis, and inadequate
response to therapeutic interventions. We found that CPX inhibited the level
of the transcriptional regulator E2F1 in renal cancer cells by downregulating the
expression of HMGA2, which led to a decrease in the expression of cell cycle
protein D1 (CyclinD1) and cell cycle-dependent kinase 6 (CDK6), causing cell
cycle disorders in renal cancer cells. Additionally, CPX significantly inhibited the
proliferation, migration, and invasion of renal cancer cells in vitro. We also found
that CPX exerted anti-tumor effects by inhibiting renal cancer cell proliferation
and epithelial-mesenchymal transition (EMT) in in vivo xenograft mouse
experiments. The TGF-B/Smads signaling pathway is linked to this
phenomenon. These results provide robust evidence highlighting the potential
for repurposing CPX in cancer treatment.

KEYWORDS

CPX, epithelial-mesenchymal transition, gene signature, high mobility group protein A2,
renal carcinoma

1 Introduction

Renal cell carcinoma (RCC) is the most common malignant tumor of the urinary tract,
and its incidence has increased over the past few decades (Bray et al.,, 2018; Marques-
Magalhdes et al., 2021; Lorente et al.,, 2017; Lyskjeer et al., 2024). In recent years, an
increasing understanding of the molecular biology of RCC tumors has led to new
therapeutic options (Wan et al., 2024; Gao et al,, 2022), including targeted agents such
as sorafenib, sunitinib, and temsirolimus. However, the prognosis of advanced renal cancers
remains poor, suggesting that there is an urgent need for research into new therapeutic
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approaches (Liu et al., 2023; Barth et al., 2020; Ellinger et al., 2016;
Garcia-Donas et al., 2015; Tippu et al., 2021). Recent studies have
provided insights into the genetic and molecular alterations
associated with RCC, such as the roles of VHL, PBRM1, SETD2,
and BAP1 mutations in tumorigenesis and progression (Wan et al.,
2024; Gao et al,, 2022). These discoveries have paved the way for the
development of novel targeted therapies and immunotherapies,
which are showing promising results in clinical trials.

Ciclopirox olamine (CPX) is a synthetic hydroxypyridine analog
with broad-spectrum antifungal activity that has been clinically used
for the treatment of topical skin and nail fungal infections, CPX has
been identified as a potential anti-tumor drug in recent years. Several
studies have shown that CPX inhibits the proliferation of breast
cancer, colorectal cancer, neuroblastoma, rhabdomyosarcoma,
esophageal squamous carcinoma, human glioma, and other
tumors (Huang et al., 2019; Zhou et al., 2010; Zhou et al., 2016;
Zhou et al., 2019; Luo et al., 2011; Shen et al., 2017; Shen et al., 2018;
Minde et al., 2014; Weir etal., 2011; Lu et al., 2022; Pddua et al., 2023;
Yin et al., 2022; Chen et al., 2022; Qi et al., 2020; Su et al., 2021;
Radadiya et al., 2021). However, to our knowledge,the effects of CPX
on renal cancer have yet to be reported. The mechanism of CPX’s
anti-cancer effects involves the disruption of intracellular iron
homeostasis and inhibition of ribonucleotide reductase, which
leads to DNA damage and cell cycle arrest. Given these findings,
it is critical to explore CPX’s potential therapeutic effects on RCC
and understand the underlying mechanisms involved.

HMGAZ2, which is in charge of encoding a non-histone protein
in chromatin, plays a crucial role in several biological functions such
as cell cycle regulation, apoptosis, repair of DNA damage, and the
transition from epithelial to mesenchymal state. Studies indicate that
an upregulation of HMGAZ2 is linked to the advancement of tumors,
unfavorable prognosis, and inadequate response to treatment (Xia
etal,, 2015; Kou et al., 2018; Mansoori et al., 2020; Zhang et al., 2019;
Cheraghi-Shavi et al., 2023; Pallante et al., 2015; Wu and Wei, 2013;
Unachukwu et al., 2020; Qin et al., 2014; Liu et al., 2014; Langelotz
et al., 2003). Our previous study showed that downregulation of
HMGA2 expression could significantly inhibit the proliferation and
invasive ability of renal cancer cells, promote apoptosis, and inhibit
the development and progression of renal cancer. This suggests that
HMGA?2 expression is closely related to tumor formation,
progression, and metastasis, and is expected to be an important
target for renal cancer treatment (Liu et al., 2022; Liu et al., 2017;
Zhu X. et al., 2023).

In our previous investigation, we observed that the expression of
HMGA2 mRNA and protein was greater in the human kidney
cancer cell line ACHN than in the human kidney cancer cell lines
786-0 and 769-P.

In this study, we provided evidence showing that CPX effectively
impedes the growth of ACHN renal cancer cells. Furthermore, our
findings indicate that CPX induces cell cycle arrest specifically at the
G1 phase. Additionally, our in vivo experiments demonstrate that
CPX not only inhibits tumor growth but also effectively suppresses
metastasis. Further mechanistic studies suggested that CPX can
inhibit the expression of HMGA2, target E2F1/Cyclin D1/
CDK6 and that disruption may contribute to cell cycle
progression in renal cancer, providing a new tool for the
treatment of renal cancer with good prospects for clinical
application.
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2 Materials and methods
2.1 Cell culture and chemical

ACHN cells were obtained from Jiangsu KGI Biotech Co. and
cultured in 90% MEM medium (KeyGen Biotech Co., Ltd.
KGM41500-500) + 10% FBS in an incubator at 37 °C, 5% CO,,
and saturated humidity. Ciclopirox (CPX) and Sorafenib were
purchased from TargetMol. Based on the information, we set the
concentration of sorafenib in our cell experiments to 5 uM (Lee
et al., 2022; Tei et al., 2015; Takeuchi et al., 2010; Kususda et al.,
2012). Antibodies against HMGA2 (ER62068), E2F1 (ET1701-73),
CyclinD1 (ET1601-31), E-cadherin (ET1607-75), N-cadherin
(ET1607-37), Smad2 (ET1604-22), Smad3 (ET1607-41), TGFR II
(ER 1917-66), and Snail (ER1706-22) were purchased from HuaBio
(Hangzhou, China), and CDK6 (ab124821) antibody was purchased
from Abcam (Cambridge, United Kingdom). The whole Protein
Extraction Kit, BCA Protein Content Assay Kit, SDS-PAGE Gel
Preparation Kit, Pre-stained Protein Molecular Weight, 5xSDS-
PAGE Protein
Electrophoresis Buffer, Western blotting Assay Kit, and Annexin-
V FITC/PI Cell Cycle Detection Kit were obtained from KeyGen
Biotech Co., Ltd. (Nanjing, China). The 6-well cell culture plates
were purchased from Corning, Inc. (United States).

Sampling  Buffer, 1xTris-Glycine Protein

2.2 CCKS8 cell proliferation assays

Cells were digested, counted, and prepared into a cell suspension
at a concentration of 4 x 10° cells/mL. Then, 100 pL of cell
suspension was added to each well of a 96-well cell culture plate
(United States Corning Incorporated 3,599). The 96-well cell culture
plate was incubated at 37 °C and 5% CO, for 24 h. To achieve the
desired concentration, the drug was diluted with a complete
medium. Then, 100 pL of the medium containing the
corresponding drug was added to each well. Simultaneously, a
negative control group was prepared. The 96-well cell culture
plates were incubated at 37 °C and 5% CO, for 72 h. The 96-well
plates were stained with CCK-8 and the OD values were determined
at 450 nm. Statistical Package for the Social Science (SPSS) version
24.0, was used to calculate the IC50 by means of odds-unit weighted
regression.

2.3 Clone formation experiment

Monolayers of logarithmically growing cells were dispersed in
single-cell suspensions and counted using a standard passaging
method. The cell suspension was diluted in gradient multiplicity,
and 500 cells were inoculated into 6-well cell culture plates (Corning
Incorporated 3,516, United States) containing 2 mL of culture
medium, and the plate was gently shaken in the direction of
“ten” to make the cells evenly dispersed. The cell culture plate
was transferred into a CO, incubator at 37 °C, 5% CO,, and
saturated humidity, and left for 24 h for the cell to attach to the
wall. After 10 days, the culture solution was discarded, the culture
was terminated, and the plate was washed twice with PBS by careful
immersion. Five mL of anhydrous ethanol was added for 15 min to
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fix the cells. After discarding the fixative, Richard-Allan
Scientific™ (ThermoFisher 3121TS, United States) solution was
added for 10-30 min, and the staining solution was slowly rinsed
with running water and air dried. The number of clones was
counted and every 50 or more cell clusters was considered
one clone.

2.4 Transwell assay for detection of
cell invasion

Cells in the logarithmic growth phase were digested and
inoculated into 6-well plates. On the following day, after the cells
were attached to the wall, the cells were withdrawn from serum and
starved using incomplete medium for 24 h. Matrigel matrix gel (BD
356234, United States) was placed at 4 °C overnight to melt. Dilute
the diluted Matrigel 2x with incomplete culture medium, add 30 uL
of the diluted Matrigel to the upper Transwell chamber, and
incubate at 37 °C for 120 min to allow the Matrigel to
polymerize into a gel. Harvest cells by digestion with 0.25%
trypsin. The cell density was adjusted to 1 x 10° cells/mL using
incomplete medium. Then, we added 100 pL of cell suspension to a
Transwell (Corning Incorporated 3,422, United States), and
500 pL of medium containing 20% FBS was added to the lower
chamber. The 24-well cell culture plate (Corning Incorporated
3,514, United States) was incubated at 37 °C in a 5% CO,
incubator for 12 h. For cell counting, the cells in the matrix
gel and upper chamber were wiped off with a cotton swab,
removed from the Transwell, inverted, air-dried, and the 24-
well plate was filled with 500 puL of medium containing 0.1%
Crystal Violet (Sigma C3886, United States), and the small
chamber was placed in it, so that the membrane was
submerged in the dye.

2.5 Detection of cell migration by
scratch method

Cells in the logarithmic growth phase were digested and
inoculated into a 6-well cell culture plate (Corning Incorporated
3,516, United States). On the next day, when the cell aggregation
reached approximately 80%, the cells were uniformly scribed in
the 6-well plate with the tip of a sterile gun. The floating cells
were washed with PBS, and the culture medium was replaced
with fresh culture medium and cultured. After 24 h of
incubation, cells were removed, photographed
(x100 magnification), and the distance of cell migration

was measured.

2.6 Pl single staining method for cell
cycle detection

The cells were washed twice with PBS (centrifugation 1,000 rpm
for 5 min) to collect 5 x 10> cells. The prepared single-cell
suspension was fixed with 70% ethanol by volume for 2 h (or
overnight) and stored at 4 °C. The fixative was washed with PBS
before staining. Then, 100 uL of RN Ase A was added and mixed with
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400 pL of PI staining for 30 min at 4 °C in the dark. The red
fluorescence was recorded at an excitation wavelength of 488 nm
using the CytoFLEX flow cytometry system (Beckman Coulter, Brea,
CA, United States).

2.7 Detection of apoptosis by Annexin-V
FITC/PI double staining method

Cells in the logarithmic growth phase were digested and
inoculated into 6-well plates, and the corresponding spiked
culture solution was added according to the group setting for
72 h. Cells were collected by digestion with 0.25% trypsin
without EDTA. Afterwards, cells were washed twice with PBS
and centrifuged at 1,000 rpm for 5 min. Approximately 5 x 10°
cells were collected, and 500 uL of Binding Buffer was added to
suspend the cells. Then, 5 pL of Annexin V-FITC was added to mix
with the cells, followed by 5 pL of Propidium Iodide. After
incubation at room temperature in the dark for 5-15 min,
apoptosis was detected using flow cytometry (BECKMAN
COULTER CytoFLEX).

2.8 Xenograft studies

A total of 16 BALB/c female nude mice were purchased from
Shanghai Lingchang Biotechnology Co., Ltd. Co. Ltd. (Shanghai,
China). All mice were maintained in standard laboratory cages
(room temperature 20 “C-26 °C, relative humidity 40%-70%, and
12 h of alternating light and dark) with free access to food and water.
All animal experimental protocols were approved by the
Experimental Animal Ethics Committee of the Zhongshan
Hospital, Dalian University.

The cultured human renal adenocarcinoma cells ACHN cell
suspension was collected at a concentration of 5X10” cells/ml and
inoculated subcutaneously into the axilla of the right forelimb of
the mice at 0.1 mL each. Mouse graft tumors were measured with
Vernier calipers to determine the diameter of the graft tumor, and
the animals were randomly divided into four groups of four
animals each when the tumor grew to approximately 200 mm?*:
blank control group, low-dose CPX-treated group (10 mg/kg),
high-dose CPX-treated group (30 mg/kg), and sorafenib as the
positive control group. According to the relevant data, we set the
concentration of sorafenib at 20 mg/kg in animal experiments
(Tei et al., 2015; Takeuchi et al., 2010; Kususda et al., 2012). All
mice were injected intraperitoneally for 16 days. The anti-tumor
effects of the treatments were observed dynamically by measuring
the tumor diameter. The tumor volume was calculated in mm® as
(width® x length)/2. Mice were sacrificed by cervical dislocation at
the end of the experiment, tumors were surgically removed, and
body weight was measured. Death was verified by the cessation of
respiratory movements. In order to adhere to the principle of
humane endpoints, the following measures were taken during the
experiment to minimize the use of animals while ensuring the
scientific rigor and humanity of the experiment. First, adequate
practice and prior knowledge of modeling techniques were
conducted to significantly reduce the failure rate of animal
modeling, thus ensuring the confidence and validity of the
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TABLE 1 RT-PCR primer sequences.

10.3389/fphar.2026.1723954

Gene Forward primer Reverse primer
CDK6 5-GGTGACCAGCAGCGGACAAAT-3’ 5-TGTACCACAGCGTGACGACCA-3’
CydlinD1 5-CGCCCTCGGTGTCCTACTTCAA-3 5-GTTCCTCGCAGACCTCCAGCAT-3’
E2F1 5-GCCACTGACTCTGCCACCATAG-3’ 5-GCTCCAGGCTGAGTAGAGACTG-3’
GAPDH 5-AGATCATCAGCAATGCCTCCT-3’ 5-TGAGTCCTTCCACGATACCAA-3’
HMGA2 5-ACTTCAGCCCAGGGACAACCT-3’ 5-TTGGTTCTTGCTGCTGCTTCCT-3’

E-cadherin (CDH1) 5-CTACAATGCCGCCATCGCTTAC-3’

N-cadherin (CDH2) 5-CCTGAGGGATCAAAGCCTGGAA-3’

SMAD2 5-CCATTCACGCCGCCAGTTGT-3’
SMAD3 5-CCTCGCAGCCATCCATGACTGT-3’
Snail 5-CCTCGCTGCCAATGCTCATCT-3
TGFBR2 5-ACGACCTAACCTGCTGCCTG-3’

experimental results. Second, it was ensured that animals were
anesthetized during all experimental manipulations to minimize
potential pain and discomfort during the experimental process. In
addition, experimental ethical norms were strictly adhered to and
clear humanitarian endpoints were developed to suit the
objectives of this study. The specific criteria were as follows: 1)
when the pain suffered by the animals was not caused by the
experiment itself and was unexpected before the start of the
experiment, e.g. animals with congenital defects; ii) if it was
anticipated before the experiment that the animals might feel
pain, but the pain was more than expected during the actual
procedure, e.g. severe nasal and oral bleeding, severely abnormal
behavior and other conditions; iii) if the animal’s pain is caused
by the experiment itself and this pain is anticipated before the
experiment begins. Once any of these criteria were adhered to
during the course of the experiment, the animals were
immediately euthanized to reduce their suffering. Once these
criteria were met, all animals in this study were euthanized before
the end of the experiment, ensuring that no animal would die for
any unnecessary reason during the course of the experiment.
Animal welfare was always adhered to, ensuring that the
experiments ran smoothly while maintaining the accuracy and
reliability of the results. A total of 16 mice were used and
euthanized in the experiment, with no deaths occurring before
the end of the experiment. Animal death was confirmed by the
observation of respiratory and cardiac arrest and pupil
dilation for at least 10 min. All animal welfare considerations
were taken, including efforts to minimize suffering and distress,
the use of analgesics or anesthetics, and special housing
All
described in the study were approved by and carried out in
Affiliated
Zhongshan Hospital of Dalian University. We confirmed that

conditions. experimental procedures and methods

accordance with the Ethics Committee of the
the study was carried out in compliance with the ARRIVE

guidelines for the reporting of animal experiments. Ethical IRB
number: KYS20230195.
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5-GGTGACCACACTGATGACTCCT-3
5-TGGAGCCTGAGACACGATTCTG-3
5-TTCCTGCCCATTCTGCTCTCCT-3
5-ACGCCTCTTCCGATGTGTCTCC-3
5-GCCTTTCCCACTGTCCTCATCT-3’

5-AGTTCCCACCTGCCCACTGTT-3

2.9 Western blotting analysis

Cell lysates were harvested from ACHN cells or xenograft
using RIPA cell lysis buffer according to the
manufacturer’s instructions. Total protein concentration was
determined by the biszirconate method (Bradford method, BCA).
Protein samples were separated using sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) and transferred to PVDF
membrane. Proteins were then immunoblotted with anti-
HMGA?2, anti-E2F1, anti-CyclinD1, anti-CDK®6, anti-E-cadherin,
anti-N-cadherin, anti-Smad2, anti-Smad3, anti-TGFRII, and anti-
Snail antibodies. The membranes were then washed and developed

tumors

using ECL reagent (KGP116 Nanjing, China), and images were
captured and analyzed using a gel imaging system (Bio-Rad
ChemiDoc MP Imaging System, United States).

2.10 Real-time polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted using the TRIzol™ method according
to the manufacturer’s instructions. A total of 5 pg of total RNA was
reverse transcribed into ¢cDNA using the ¢DNA First Strand
Synthesis Kit (TaKaRa RR036B, Japan). Primer sequences are
shown in Table 1. RT-PCR was performed using 2x real-time
fluorescence quantitative PCR premix (SYBR Green) on an ABI
StepOnePlus real-time fluorescence quantitative PCR system
(Thermo Fisher Scientific, Waltham, MA, United States).

2.11 Hematoxylin & Eosin (HE) staining

Tissue dewaxing was performed as usual, hydration was
performed, and the sections were soaked in xylene for 5 min,
replaced with xylene, soaked for another 5 min, and rehydrated
in graded ethanol (100, 95, 85, and 70%). The sections were soaked

frontiersin.org
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for 5 min in 70% ethanol and washed in PBS for 3 min thrice. Finally,
the sections were stained with HE.

2.12 Statistical analysis

Statistical analyses were performed using the SPSS software
(version 25.0; SPSS Inc., Chicago, IL, United States). Data are
expressed as mean + standard deviation. Three or more groups
were compared by one-way analysis of variance followed by
Bonferroni or Tukey’s post hoc multiple comparisons test. P <
0.05 was considered to indicate a statistically significant difference.

3 Results

3.1 CPX inhibits the growth and proliferation
of human renal cancer ACHN cells

Ciclopir oxamine (CPX), an organic compound with the
chemical formula 14H24N203 (Figure 1A), is a class of broad-
spectrum antifungal agents, which has attracted extensive attention
from tumor therapeutics researchers in recent years as it has been
determined to have anti-tumor effects. To investigate whether CPX
could effectively inhibit renal cancer ACHN cells, we examined the
cell inhibition rate at different concentrations of CPX. As shown in
Figure 1B, the results of the CCK8 assay illustrated that the OD value
of CPX on ACHN cells gradually decreased, and the inhibition rate
increased with an increase in CPX concentration after 72 h (P <
0.001). The IC50 = 5.407 uM was calculated through the chance

Frontiers in Pharmacology

unit-weighted regression method, suggesting that CPX can produce
toxic effects on tumor cells at lower concentrations, and the higher
the concentration of the drug, the greater the toxic effect on ACHN
cells. Based on the results of the preliminary experiments, we set the
CPX concentrations to 2.7 pM and 54 pM in subsequent
experiments. As shown in Figure 1C, in the cloning experiments,
the CPX and sorafenib positive control group significantly inhibited
the proliferation of ACHN cells compared with the saline control
group, and the inhibitory effect of CPX was stronger at high
concentrations of CPX (Figure 1D).

3.2 CPX inhibits migration and invasion of
human renal cancer ACHN cells

In the cell scratch assay, the migration distance of cells was
measured after 24 h, as shown in Figures 2A,B. Compared with that
in the blank control group, the migration ability of the CPX and
sorafenib groups was significantly weaker, and the inhibitory effect
of the high concentration of CPX was more pronounced (control:
496.73 + 523 pm; 2.7 uM CPX: 572.02 + 5.94 pym; 5.4 uM CPX:
709.18 + 3.49 pm; 5 uM Sorafenib:626.2 + 3.71 pm,P < 0.001).

In the Transwell assay, the number of membrane-penetrating
ACHN cells after 12 h of treatment with different drug
concentrations is shown in Figures 2C,D. Compared with the
blank control group, the CPX and sorafenib positive control
groups had stronger inhibitory effects on the invasive ability of
renal cancer cells, and the penetration ability of ACHN cells was
weakened. The inhibitory effect of a high concentration of CPX
was evident.
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Migration and invasion of human renal cancer ACHN cells. (A,B) Effect of CPX on ACHN cell migration in renal carcinoma cells tested by the scratch

wound healing assay. (C,D) The effect of CPX on migration and invasion of renal cancer ACHN cells was further determined using a Transwell assay. *P <
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Renal cancer ACHN cell cycle analysis. (A) Flow cytometry analysis of CPX- and Sorafenib-treated renal cancer ACHN cells. (B) Bar graph showing the
percentage of cells in each cell cycle phase. *P < 0.05, **P < 0.01, * **P < 0.001.

3.3 CPX blocks the renal cancer ACHN cell  renal cell carcinoma cells was analyzed by flow cytometry. The
cycle by inhibits G1/S transition proportions of ACHN cells in the G0/G1, S, and G2/M phases in
each group are shown in Figure 3A. Cell cycle progression was

Based on the specific binding of propidium iodide and other  determined using flow cytometry, as shown in Figure 3B. Compared
fluorescent dyes to DNA, the effect of CPX on the cycle of ACHN  to the blank control group, the proportion of cells in the G0/
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FIGURE 4

Apoptosis in renal cancer ACHN cells. (A) Flow cytometry and (B) apoptotic effect analyses of renal cancer ACHN cells treated with CPX or Sorafenib

for 72 h. *P < 0.05, **P < 0.01, ***P < 0.001.

G1 phase was significantly higher in the CPX and sorafenib groups
after treatment (P < 0.001).

3.4 CPX induces apoptosis in renal cancer
ACHN cells in an in vitro assay

Previous studies have shown that ACHN cells treated with
HMGA2-siRNA interference achieve gene silencing and induce
apoptosis. To verify whether CPX could produce apoptotic effects
on renal cancer ACHN cells, renal cancer cells were cultured for 72 h
with each reagent concentration and then detected using flow
cytometry. The results show that, compared with that of the blank
control group, the difference in the apoptosis rate of CPX-treated and
the positive control groups was significantly higher, with a
concentration-dependent increasing trend (P < 0.001) (Figures 4A,B).

3.5 Inhibition of mouse xenograft tumor
growth by CPX administration

Histopathological analyses of mouse tumors were performed
(Figures 5A-C), and H&E staining showed that the control tumor
cells were dense and homogeneous with intensely stained nuclei,
whereas nuclear sepsis, fragmentation and zones of broadly lysed
necrosis were observed in the CPX-treated group. A renal cancer
ACHN xenograft model was used to evaluate the inhibitory effects of
CPX in vivo in order to further examine the anti-tumor potential of
the compound. The animals were separated into two groups at
random after the tumor volume reached about 200 mm?, a blank
group, and the other group. Low-concentration CPX treatment group
(10 mg/kg), high-concentration CPX treatment group (30 mg/kg),
and sorafenib-positive control group (20 mg/kg), with four animals in
each group. Tumor volume and body weight were recorded for
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statistical analysis. Compared to that in the control group, the tumor
volume was significantly smaller (Figure 5D) and the tumor weight
was also smaller than the control group (Figure 5E). This indicated
that CPX significantly inhibited the growth of renal cancer ACHN
cells in vivo (P < 0.001). Notably, there was no significant difference in
mean weight between the control and treatment groups (Figure 5F).

3.6 CPX reduces the epithelial-
mesenchymal transition (EMT) in renal
cancer ACHN cells by inhibiting the TGF-p/
Smads signaling pathway through down-
regulation of HMGA2 protein

expression level
EMT is crucial in progression, and in the
microenvironment of epithelial tissues various extracellular
factors can induce EMT, one of which is TGF-B. TGF-B can
significantly induce EMT through a set of specific mediator
which constitute the
framework of the TGF-f signaling pathway. Our previous studies
have shown that the mechanism by which HMGA2 exerts its
biological function is related to the TGF-f signaling pathway, in
which HMGA2 can bind to Smad2 and Smad3 and form a complex
with each other, inducing the expression of the target gene Snail,

cancer

proteins and transcription factors,

promoting the production of Snail protein, and triggering the
occurrence of EMT in renal cancer cells, which promotes renal
cancer cell occurrence, development and metastasis. In order to
investigate the effects of CPX on the molecules related to TGF-p/
Smads signaling pathway, we detected transforming growth factor-f
receptor IT (TGF-B R II), receptor-activated Smads family proteins
(Smad-2, Smad-3), transcription factor Snail, and EMT-related
proteins E-cadherin and N-cadherin. The qRT-PCR results
showed that compared with the blank control group, the mRNA
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expression of N-cadherin, TGF-f R II, Smad-2, Smad-3, and Snail in
the CPX group was significantly reduced, and the expression of
E-cadherin was significantly increased (P < 0.001) (Figure 6A). In
the Western blot experiment, compared with that in the blank
control group, the protein expression of N-cadherin, TGF-p R II,
Smad-2, Smad-3, and Snail in the CPX group was significantly
reduced, and the expression of E-cadherin was significantly
increased (P < 0.001) (Figures 6B,C). The results indicated that
CPX inhibited the production of Snail, a key transcription factor for
EMT, by inhibiting the expression of HMGA2, resulting in a
decrease in the expression of N-cadherin, TGF-B R II, Smad-2,
Smad-3, and Snail, and an increase in the expression of E-cadherin,
thus inhibiting EMT in renal cancer cells by inhibiting
HMGA2 expression.

3.7 CPX inhibits the E2F1/Cyclin D1/

CDK®6 signaling pathway by down-
regulating HMGAZ2 protein levels, leading to
cell cycle disruption in renal

carcinoma ACHN

Previous studies have shown that HMGA2 plays an oncogenic
role in renal cancer; is closely related to tumor formation,
progression, and metastasis; and is an important target for renal
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cancer therapy. In this study, we examined the effect of CPX on
HMGA2 expression in kidney cancer ACHN cells using RT-PCR
and protein blotting. Compared with the control group, the
expression of HMGA2 mRNA and protein in the CPX group
was significantly inhibited, and the inhibitory effect was stronger
in the high-concentration group (Figures 7A-C). These results
indicate that CPX acts as an HMGA? inhibitor in renal cancer cells.

Numerous lines of research have revealed that
HMGA?2 encourages tumor cell proliferation by upregulating the
expression of cell cycle-related genes. Cell cycle disruption is
thought to be a typical aspect of carcinogenesis. Specific reasons
include the following: (1) HMGA?2 induces an increase in the activity
of the transcription factor E2F1 and promotes aberrant cell
proliferation, thereby facilitating the transition to the G2/M
phase of the cell cycle and inducing tumor growth. (2)
HMGA?2 increases the expression of cell cycle protein Dl
(CyclinD1) and cell cycle-dependent kinase 6 (CDK®6), promotes
the formation of the CyclinD1 CDK6 complex, accelerates the
G1 phase of the cell cycle, promotes the transformation of the
G2/M phase, interferes with the cell cycle, and promotes
tumorigenesis. (3) HMGA2 overexpression disrupts the DNA
repair system. The mRNA expression of each group was detected
through qRT-PCR, and the results showed that the protein
expression of HMGA2 and the E2F1/Cyclin D1/CDK6 pathway
was downregulated in the CPX-treated and positive control groups
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0.05 vs. control group, ***P < 0.001 vs. control group.

compared with that in the blank control group (Figure 7A). In
Western blot experiments, the CyclinD1/CDK6/E2F1 pathway
protein expression was significantly reduced in the CPX group
compared with the blank control group, and the difference was
statistically significant (P < 0.001) (Figures 7B,C). This indicates that
CPX inhibited the expression of HMGA?2 and suppressed the level of
E2F1 in renal carcinoma ACHN cells, which resulted in decreased
expression of CyclinD1 and CDK 6, leading to renal cancer cell
cycle disorders.

4 Discussion

Kidney carcinoma is a typical malignant tumor of the urinary
system. Despite considerable advancements in kidney cancer
treatment, surveys have indicated that the prevalence of kidney
cancer has increased greatly over the past 10 years, and the prognosis
for patients is still not positive (Tippu et al., 2021). Approximately
45% of renal cancer patients have metastasis at the initial diagnosis,
and 50% of renal cancer patients have tumor recurrence after
surgery. This is mostly owing to the highly varied biological
activity of kidney cancer, which makes it difficult to forecast
using typical histological staging and grading (Lyskjeer et al,
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2024; Rydzanicz et al,, 2013). Current treatments for renal cancer
are mainly based on early surgical resection and late targeted drugs.
Given the renal cancer cellular microenvironment and glycolipid
metabolism, renal cancer is insensitive to radiotherapy, which
increases the postoperative metastasis and recurrence rates of
patients with renal cancer. Compared to other malignant tumors,
renal cancer does not have specific tumor markers. Anti-tumor
drugs commonly used in clinical practice have broad-spectrum anti-
tumor activity with poor specificity and selectivity. Currently,
15 targeted and immunological drugs, mainly anti-angiogenic
tyrosine kinase inhibitors (TKIs) and mTOR inhibitors, have
been approved by the FDA for use in renal cancer. According to
the results of a global multi-center clinical study, 30% of metastatic
kidney cancer patients have primary resistance to molecularly
targeted drugs, and those patients who are initially sensitive to
the treatment will develop “secondary resistance” within about
1 year after receiving the treatment, which greatly affects the
efficacy of molecularly targeted drugs (Rydzanicz et al., 2013;
Takahashi et al, 2001; Kroeze et al, 2010; Leung and Kim,
2017). Therefore, it is vital to find novel therapeutic modalities to
extend life and raise the survival rate of kidney cancer patients.
Ciclopirox is mainly used clinically to treat fungal infectious
diseases and has great potential for the prevention and treatment of
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diabetes mellitus, Acquired Immune Deficiency Syndrome (AIDS),  such as rhabdomyosarcoma, colon adenocarcinoma, esophageal
and cardiovascular diseases (Zhou et al., 2023). Several in vitro tests ~ squamous carcinoma, and human glioma, and can inhibit the
have shown that CPX can inhibit the proliferation of tumor cells,  generation of blood and lymphatic vessels (Zhou et al, 2016;
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Zhou et al., 2019; Shen et al., 2017; Lu et al., 2022; Zhou et al., 2023;
Clement et al., 2002; Thn et al,, 2021; Zhu Y. et al., 2023; Feng et al.,
2020; Kremer et al., 2019; Linden et al., 2003; Al-Dali et al., 2018).
Tumor development and metastasis are inextricably linked to the
generation of blood and lymphatic vessels. Pharmacological and
toxicological profiles indicate that CPX is a relatively effective and safe
antifungal drug. Systemic application in nude mice at a dose of
20-25 mg/kg/day can effectively inhibit tumor growth without
showing significant toxicity (Huang et al., 2019; Zhou et al., 2010).
CPX has multiple molecular targets, such as RR, DOHH/eIF5A, Wnt/
B-catenin, VEGFR-3/ERK1/2, CDKs, members of the Bcl-2 family,
and mTOR ((Zhou et al., 2010), (Eberhard et al., 2009; Kim et al.,
2011; Sen et al., 2013)). CPX can induce apoptosis and anti-tumor
metastasis and inhibit the proliferation of tumor cells through the
above molecular targets, thus exerting a killing effect on tumor cells.
The effects of CPX on these targets are primarily related to iron
chelation (Niewerth et al., 2003). Tumor cells inevitably consume
more iron to maintain a much higher proliferation rate than normal
cells, and iron chelation usually has a greater effect on tumor cells.

There is a correlation between HMGA?2 expression and renal
cancer TNM stage and lymph node metastasis; the higher the tumor
stage, the higher the expression of HMGA2, and the shorter the
patient survival time. Recent studies have demonstrated that
HMGA2 mRNA and protein expression in renal cancer tissues is
higher than that in benign renal tumor tissues and normal renal
tissues. (Zhang et al., 2019; Unachukwu et al., 2020; Liu et al., 2022;
Ekanem et al., 2020; Xu et al., 2023; Wang et al., 2023; Cai et al,,
2016). In the present study, we showed for the first time the
inhibitory effect of CPX on the HMGA2-mediated oncogenic
ability of renal cancer cells; CPX suppressed the expression of
HMGA?2 in renal cancer cells, which in turn caused cell cycle
arrest and apoptosis and inhibited the proliferation, invasion, and
migration ability of renal cancer cells. We discovered that the TGF-
B/Smads signaling pathway is connected to the mechanism by which
CPX affects kidney cancer cells. Through several particular
transcription factors and mediator proteins, TGF- may greatly
promote EMT. These specific mediator proteins, transcription
factors, and TGF-p constitute the framework of the TGEF-p
signaling pathway, wherein TGF-f acts as a ligand, binds to the
type II receptor (TGF-P R II), recruits and phosphorylates receptor-
regulated Smads proteins (Smad-2, Smad-3), and after activation by
phosphorylation of Smad-2, Smad-3, binds to cofactor (coSMAD)
and forms a complex which accumulates as a transcription factor in
the nucleus. It encourages the creation of Snail protein and the target
gene’s expression, which both encourage EMT in renal carcinoma
cells. In renal cancer cells, CPX was able to increase E-cadherin
expression, decrease N-cadherin and Snail expression, and prevent
EMT. Importantly, we discovered that CPX inhibited the
development of kidney tumors in a xenograft mouse model.
However, this study did not delve into the specific mechanism by
which HMGA?2 regulates the expression of Snail, a key transcription
factor that plays an important role in the epithelial-mesenchymal
transition (EMT) process. How HMGA?2 regulates the expression of
Snail still needs to be further explored in future studies. This will
contribute to a more comprehensive understanding of the anti-
tumor mechanism of CPX and provide a theoretical basis for the
development of new therapeutic strategies. In addition, in future
work, we intend to use ELISA (enzyme-linked immunosorbent

Frontiers in Pharmacology

11

10.3389/fphar.2026.1723954

assay) to confirm whether the secretion of M2-associated TGF-f3
cytokines is reduced after CPX treatment. This will further validate
the role of CPX in inhibiting the TGF-p/Smads signaling pathway
and provide more direct evidence for its anti-tumor mechanism.
And we realized that adding immunohistochemistry (IHC) results
could further strengthen the persuasiveness of the in vivo
experiments. Therefore, we plan to include IHC experiments in
future studies to more comprehensively validate the effects of CPX
on HMGA?2 and its downstream signaling pathways. Through THC
analysis, we will be able to more visually observe the expression and
distribution of key proteins such as HMGA?2, E-cadherin, and
N-cadherin in tissue sections after CPX treatment. This will help
to further understand the anti-tumor mechanism of CPX and
provide a more solid theoretical basis for its clinical application.
HMGA?2 induces an increase in the activity of the transcription
factor E2F1 and promotes abnormal cell proliferation, thereby
promoting the G2/M phase transition of the cell cycle and
inducing tumor growth. HMGA?2 increases the expression of
CyclinD1 and CDK6, promoting the of
CyclinD1 CDK6 complexes, accelerating the G1 phase of the cell

formation

cycle, promoting the G2/M phase transition, interfering with the cell
cycle, and promoting tumorigenesis. The G1-phase process of the
cell cycle, promotes the G2/M-phase transformation, interferes with
cell cycle progression, and promotes tumorigenesis. Meanwhile,
HMGA?2 overexpression disrupted the DNA repair system. The
cell cycle disorder and apoptosis inhibition of renal cancer are the
key factors that make it difficult to completely cure renal cancer
(Zhang et al., 2018; Kim et al., 2018). To enhance the occurrence,
growth, and metastasis of renal cancer cells, HMGA2 can connect
with Smad2 and Smad3 to form a complex that activates the
expression of the target gene that encodes Snail, promotes the
synthesis of Snail protein, and causes EMT in renal cancer cells.
To further validate the effects of HMGA?2 on the TGF-p/Smads and
E2F1/Cyclin D1/CDK6 signaling pathways, we plan to conduct
additional experiments by overexpressing or knocking down
HMGA?2 in future studies. This approach will provide a more
comprehensive understanding of the specific mechanisms by
which HMGA?2 mediates the anti-tumor effects of CPX.

5 Conclusion

This study revealed the molecular mechanism leading to the
occurrence and development of renal cell carcinoma and provides a
new experimental and theoretical basis for CPX treatment of renal
cell carcinoma. These findings support CPX as an anti-tumor agent
targeting HMGA2 to prevent the development of kidney cancer.
Despite our promising results, this study had several limitations. In
this study, only a single renal carcinoma cell line, ACHN, was
investigated, and further exploration is needed for cell lines such as
renal carcinoma 786-O, 769-P, and others. We used two doses
(10 and 30 mg/kg) of CPX to investigate whether it has a dose-
dependent effect on the treatment of ACHN kidney cancer in mice.
The results showed that 30 mg/kg CPX had a strong therapeutic
effect on kidney cancer without significant hepatotoxicity. In terms
of clinical translation, we will consider changing the frequency or
method of administration at a later stage to avoid possible toxicities
in patients with long-term treatment.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723954

Liu et al.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
The animal study was approved by Ethics Committee of the
Affiliated Zhongshan Hospital of Dalian University. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

XL: Methodology,
Conceptualization, Writing - original draft, Formal Analysis,

Writing review and editing,
Validation. JS: Validation, Formal Analysis, Conceptualization,
Writing - review and editing, Writing - original draft. LS:
Writing - original draft, Methodology, Writing - review and
editing, Conceptualization, Data curation. QF: Methodology,
Supervision, Writing - review and editing, Software, Data
curation. XL: Validation,
Software, Writing - review and editing. JuL: Data curation,
Validation, YL: Data
curation, Conceptualization, analysis, Project

administration, Validation, Investigation, Funding acquisition,

Conceptualization, Data curation,

Investigation, Visualization, Software.

Formal

Resources, Software, Writing - review and editing. JiL: Data

curation, Conceptualization, Formal analysis, Project

administration, Validation, Investigation, Funding acquisition,
Resources, Software, Writing — review and editing.

References

Al-Dali, A. M., Weiher, H., and Schmidt-Wolf, I. G. H. (2018). Utilizing ethacrynic
acid and ciclopirox olamine in liver cancer. Oncol. Letters 16, 6854-6860. doi:10.3892/0l.
2018.9472

Barth, D. A, Drula, R, Ott, L., Fabris, L., Slaby, O., Calin, G. A., et al. (2020).
Circulating non-coding RNAs in renal cell carcinoma-pathogenesis and potential
implications as clinical biomarkers. Front. Cell Developmental Biology 8, 828. doi:10.
3389/fcell.2020.00828

Bray, F., Ferlay, J., Soerjomataram, L, Siegel, R. L., Torre, L. A., and Jemal, A. (2018).
Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA A Cancer Journal Clinicians 68,
394-424. doi:10.3322/caac.21492

Cai, J., Shen, G,, Liu, S., and Meng, Q. (2016). Downregulation of HMGA?2 inhibits
cellular proliferation and invasion, improves cellular apoptosis in prostate cancer.
Tumour Biology 37, 699-707. doi:10.1007/s13277-015-3853-9

Chen, L., Chen, D, Li, J., He, L., Chen, T., Song, D., et al. (2022). Ciclopirox drives
growth arrest and autophagic cell death through STAT3 in gastric cancer cells. Cell
Death Dis. 13 (11), 1007. doi:10.1038/s41419-022-05456-7

Cheraghi-Shavi, T., Jalal, R, and Minuchehr, Z. (2023). TGM2, HMGAZ2, FXYD3, and
LGALS4 genes as biomarkers in acquired oxaliplatin resistance of human colorectal
cancer: a systems biology approach. PloS One 18, €0289535. doi:10.1371/journal.pone.
0289535

Clement, P. M., Hanauske-Abel, H. M., Wolff, E. C., Kleinman, H. K., and Park, M. H.
(2002). The antifungal drug ciclopirox inhibits deoxyhypusine and proline
hydroxylation, endothelial cell growth and angiogenesis in vitro. Int. Journal Cancer
100, 491-498. doi:10.1002/ijc.10515

Frontiers in Pharmacology

12

10.3389/fphar.2026.1723954

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by the
Dalian Science and Technology Bureau, China (grant no. 09-1110).
This work was supported by an internal grant for translational
medicine research from the Affiliated Zhongshan Hospital of Dalian
University to YL.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AT was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Eberhard, Y., McDermott, S. P., Wang, X., Gronda, M., Venugopal, A., Wood, T. E.,
et al. (2009). Chelation of intracellular iron with the antifungal agent ciclopirox olamine
induces cell death in leukemia and myeloma cells. Blood 114, 3064-3073. doi:10.1182/
blood-2009-03-209965

Ekanem, T. I, Tsai, W. L., Lin, Y. H,, Tan, W. Q,, Chang, H. Y., Huang, T. C,, et al.
(2020). Identification of the effects of aspirin and sulindac sulfide on the inhibition of
HMGA2-Mediated oncogenic capacities in colorectal cancer. Molecules 25. doi:10.3390/
molecules25173826

Ellinger, J., Gevensleben, H., Miiller, S. C., and Dietrich, D. (2016). The emerging role
of non-coding circulating RNA as a biomarker in renal cell carcinoma. Expert Review
Molecular Diagnostics 16, 1059-1065. doi:10.1080/14737159.2016.1239531

Feng, H., Hu, L., Zhu, H,, Tao, L., Wu, L., Zhao, Q., et al. (2020). Repurposing
antimycotic ciclopirox olamine as a promising anti-ischemic stroke agent. Acta
Pharmaceutica Sin. B 10, 434-446. doi:10.1016/j.apsb.2019.08.002

Gao, B, Li, X, Li, S., Wang, S., Wu, J., and Li, J. (2022). Pan-cancer analysis identifies
RNA helicase DDX1 as a prognostic marker. Phenomics 2, 33-49. doi:10.1007/s43657-
021-00034-x

Garcia-Donas, J., Rodriguez-Moreno, J. F., and Romero-Laorden, N. (2015).
Rodriguez-Antona C: renal carcinoma pharmacogenomics and predictors of
response: steps toward treatment individualization. Urol. Oncology 33, 179-186.
doi:10.1016/j.urolonc.2013.09.015

Huang, Y. M., Cheng, C. H,, Pan, S. L., Yang, P. M, Lin, D. Y., and Lee, K. H. (2019).
Gene expression signature-based approach identifies antifungal drug Ciclopirox as a
novel inhibitor of HMGA2 in colorectal cancer. Biomolecules 9. doi:10.3390/
biom9110688

frontiersin.org


https://doi.org/10.3892/ol.2018.9472
https://doi.org/10.3892/ol.2018.9472
https://doi.org/10.3389/fcell.2020.00828
https://doi.org/10.3389/fcell.2020.00828
https://doi.org/10.3322/caac.21492
https://doi.org/10.1007/s13277-015-3853-9
https://doi.org/10.1038/s41419-022-05456-7
https://doi.org/10.1371/journal.pone.0289535
https://doi.org/10.1371/journal.pone.0289535
https://doi.org/10.1002/ijc.10515
https://doi.org/10.1182/blood-2009-03-209965
https://doi.org/10.1182/blood-2009-03-209965
https://doi.org/10.3390/molecules25173826
https://doi.org/10.3390/molecules25173826
https://doi.org/10.1080/14737159.2016.1239531
https://doi.org/10.1016/j.apsb.2019.08.002
https://doi.org/10.1007/s43657-021-00034-x
https://doi.org/10.1007/s43657-021-00034-x
https://doi.org/10.1016/j.urolonc.2013.09.015
https://doi.org/10.3390/biom9110688
https://doi.org/10.3390/biom9110688
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723954

Liu et al.

Thn, H.J., Lim, J., Kim, K., Nam, S. H., Lim, S,, Lee, S. J., et al. (2021). Protective effect
of ciclopirox against ovariectomy-induced bone loss in mice by suppressing osteoclast
formation and function. Int. Journal Molecular Sciences 22, 8299. doi:10.3390/
ijms22158299

Kim, Y., Schmidt, M., Endo, T., Lu, D., Carson, D., and Schmidt-Wolf, I. G. (2011).
Targeting the Wnt/beta-catenin pathway with the antifungal agent ciclopirox olamine in
a murine myeloma model. Vivo 25, 887-893.

Kim, C. J., Terado, T., Tambe, Y., Mukaisho, K. I, Sugihara, H., Kawauchi, A., et al.
(2018). Anti-oncogenic activities of cyclin D1b siRNA on human bladder cancer cells via
induction of apoptosis and suppression of cancer cell stemness and invasiveness. Int.
Journal Oncology 52, 231-240. doi:10.3892/ij0.2017.4194

Kou, B., Liu, W.,, Tang, X,, and Kou, Q. (2018). HMGA?2 facilitates epithelial-
mesenchymal transition in renal cell carcinoma by regulating the TGF-f/
Smad2 signaling pathway. Oncol. Reports 39, 101-108. doi:10.3892/0r.2017.6091

Kremer, A., Wuimann, M., Herrmann, M., Raghunath, M., and Walles, H. (2019).
Ciclopirox olamine promotes the angiogenic response of endothelial cells and
mesenchymal stem cells. Clin. Hemorheology Microcirculation 73, 317-328. doi:10.
3233/CH-190559

Kroeze, S. G., Bijenhof, A. M., Bosch, J. L., and Jans, J. J. (2010). Diagnostic and
prognostic tissuemarkers in clear cell and papillary renal cell carcinoma. Cancer
Biomarkers 7, 261-268. doi:10.3233/CBM-2010-0195

Kususda, Y., Miyake, H., Gleave, M. E., and Fujisawa, M. (2012). Clusterin inhibition
using OGX-011 synergistically enhances antitumour activity of sorafenib in a human renal
cell carcinoma model. Br. Journal Cancer 106, 1945-1952. doi:10.1038/bjc.2012.209

Langelotz, C., Schmid, P., Jakob, C., Heider, U., Wernecke, K. D., Possinger, K., et al.
(2003). Expression of high-mobility-group-protein HMGI-C mRNA in the peripheral
blood is an independent poor prognostic indicator for survival in metastatic breast
cancer. Br. Journal Cancer 88, 1406-1410. doi:10.1038/sj.bjc.6600935

Lee, C. C, Huang, P. Y,, Hsieh, Y. H,, Chen, Y. S, and Tsai, J. P. (2022). Melatonin
combined with sorafenib synergistically inhibit the invasive ability through targeting
metastasis-associated protein 2 expression in human renal cancer cells. Tzu Chi Medical
Journal 34, 192-199. doi:10.4103/tcmj.tcmj_204_21

Leung, J. Y., and Kim, W. Y. (2017). Bap1 and Pbrm1: determinants of tumor grade
and mTOR activation in VHL-deficient mouse models of renal cell carcinoma. Cancer
Discovery 7, 802-804. doi:10.1158/2159-8290.CD-17-0610

Linden, T., Katschinski, D. M., Eckhardt, K., Scheid, A., Pagel, H., and Wenger, R. H.
(2003). The antimycotic ciclopirox olamine induces HIF-lalpha stability, VEGF
expression, and angiogenesis. FASEB Journal 17, 761-763. doi:10.1096/1j.02-0586fje

Liu, B., Pang, B., Hou, X., Fan, H,, Liang, N., Zheng, S., et al. (2014). Expression of
high-mobility group AT-hook protein 2 and its prognostic significance in malignant
gliomas. Hum. Pathology 45, 1752-1758. doi:10.1016/j.humpath.2014.02.028

Liu, Y., Fu, Q. Z,, Pu, L., Song, L. L., Wang, Y. Y., Liu, ], et al. (2017). Effect of RNA
interference of the expression of HMGA?2 on the proliferation and invasion ability of
ACHN renal cell carcinoma cells. Mol. Medicine Reports 16, 5107-5112. doi:10.3892/
mmr.2017.7258

Liu, Y., Lv, G., Bai, J., Song, L., Ding, E., Liu, L., et al. (2022). Effects of HMGA2 on the
epithelial-mesenchymal transition-related genes in ACHN renal cell carcinoma cells-
derived xenografts in nude mice. BMC Cancer 22, 421. doi:10.1186/5s12885-022-09537-w

Liu, Y., Zhang, H., Fang, Y., Tang, D., and Luo, Z. (2023). Non-coding RNAs in renal
cell carcinoma: implications for drug resistance. Biomed. and Pharmacotherapy 164,
115001. doi:10.1016/j.biopha.2023.115001

Lorente, D., Trilla, E., Meseguer, A., Planas, J., Placer, J., Celma, A,, et al. (2017).
Systematic review of renal carcinoma prognostic factors. Actas Urologicas Espanolas 41,
215-225. doi:10.1016/j.acuro.2016.08.003

Lu,J., Li, Y., Gong, S., Wang, J., Lu, X,, Jin, Q,, et al. (2022). Ciclopirox targets cellular
bioenergetics and activates ER stress to induce apoptosis in non-small cell lung cancer
cells. Cell Communication Signaling CCS 20 (37), 37. doi:10.1186/s12964-022-00847-x

Luo, Y., Zhou, H,, Liu, L., Shen, T., Chen, W., Xu, B,, et al. (2011). The fungicide
ciclopirox inhibits lymphatic endothelial cell tube formation by suppressing VEGFR-3-
mediated ERK signaling pathway. Oncogene 30, 2098-2107. doi:10.1038/0nc.2010.590

Lyskjeer, L., Iisager, L., Axelsen, C. T., Nielsen, T. K., Dyrskjot, L., and Fristrup, N.
(2024). Management of renal cell carcinoma: promising biomarkers and the challenges
to reach the clinic. Clin. Cancer Research. doi:10.1158/1078-0432

Mansoori, B., Mohammadi, A., Naghizadeh, S., Gjerstorff, M., Shanehbandi, D.,
Shirjang, S., et al. (2020). miR-330 suppresses EMT and induces apoptosis by
downregulating HMGA2 in human colorectal cancer. J. Cellular Physiology 235,
920-931. doi:10.1002/jcp.29007

Marques-Magalhaes, A., Graga, I, Miranda-Gongalves, V., Henrique, R., Lopez, M.,
Arimondo, P. B,, et al. (2021). Anti-neoplastic and demethylating activity of a newly
synthetized flavanone-derived compound in renal cell carcinoma cell lines. Biomed. and
Pharmacotherapy 141, 111681. doi:10.1016/j.biopha.2021.111681

Minden, M. D., Hogge, D. E., Weir, S. J., Kasper, J., Webster, D. A., Patton, L., et al.
(2014). Oral ciclopirox olamine displays biological activity in a phase I study in patients
with advanced hematologic malignancies. Am. Journal Hematology 89, 363-368. doi:10.
1002/ajh.23640

Frontiers in Pharmacology

13

10.3389/fphar.2026.1723954

Niewerth, M., Kunze, D., Seibold, M., Schaller, M., Korting, H. C., and Hube, B.
(2003). Ciclopirox olamine treatment affects the expression pattern of Candida
albicans genes encoding virulence factors, iron metabolism proteins, and drug
resistance factors. Antimicrob. Agents Chemotherapy 47, 1805-1817. doi:10.1128/
aac.47.6.1805-1817.2003

Padua, D., Figueira, P., Pinto, M., Maia, A. F., Peixoto, J., Lima, R. T,, et al. (2023).
High-throughput drug screening revealed that ciclopirox olamine can engender gastric
cancer stem-like cells. Cancers 15, 4406. doi:10.3390/cancers15174406

Pallante, P., Sepe, R., Puca, F., and Fusco, A. (2015). High mobility group a proteins as
tumor markers. Front. Medicine 2 (15), 15. doi:10.3389/fmed.2015.00015

Qi, J., Zhou, N,, Li, L., Mo, S., Zhou, Y., Deng, Y., et al. (2020). Ciclopirox activates
PERK-dependent endoplasmic reticulum stress to drive cell death in colorectal cancer.
Cell Death and Disease 11, 582. doi:10.1038/s41419-020-02779-1

Qin, Y., Niu, Y., and Liu, F. (2014). Research progress of relationship between
HMGA?2 and tumors. Zhonghua Bing Li Xue Za Zhi Chin. Journal Pathology 43,
65-67.

Radadiya, P. S., Thornton, M. M., Puri, R. V., Yerrathota, S., Dinh-Phan, J.,
Magenheimer, B., et al. (2021). Ciclopirox olamine induces ferritinophagy and
reduces cyst burden in polycystic kidney disease. JCI Insight 6, 141299. doi:10.1172/
jci.insight.141299

Rydzanicz, M., Wrzesinski, T., Bluyssen, H. A., and Wesoly, J. (2013). Genomics
and epigenomics of clear cell renal cell carcinoma: recent developments and
potential applications. Cancer Letters 341, 111-126. doi:10.1016/j.canlet.2013.
08.006

Sen, S., Hassane, D. C., Corbett, C., Becker, M. W., and Jordan, C. T. (2013). Novel
mTOR inhibitory activity of ciclopirox enhances parthenolide antileukemia activity.
Exp. Hematology 41, 799-807.794. doi:10.1016/j.exphem.2013.04.012

Shen, T., Shang, C., Zhou, H., Luo, Y., Barzegar, M., Odaka, Y., et al. (2017). Ciclopirox
inhibits cancer cell proliferation by suppression of Cdc25A. Genes and Cancer 8,
505-516. doi:10.18632/genesandcancer.135

Shen, T., Zhou, H., Shang, C,, Luo, Y., Wu, Y., and Huang, S. (2018). Ciclopirox
activates ATR-Chk1 signaling pathway leading to Cdc25A protein degradation. Genes
and Cancer 9, 39-52. doi:10.18632/genesandcancer.166

Su, Z., Han, S, Jin, Q,, Zhou, N,, Lu, J., Shangguan, F., et al. (2021). Ciclopirox and
bortezomib synergistically inhibits glioblastoma multiforme growth via simultaneously
enhancing JNK/p38 MAPK and NF-kB signaling. Cell Death and Disease 12, 251. doi:10.
1038/541419-021-03535-9

Takahashi, M., Rhodes, D. R., Furge, K. A., Kanayama, H., Kagawa, S., Haab, B. B,,
et al. (2001). Gene expression profiling of clear cell renal cell carcinoma: gene
identification and prognostic classification. Proc. Natl. Acad. Sci. U. S. A. 98,
9754-9759. doi:10.1073/pnas.171209998

Takeuchi, A., Eto, M., Tatsugami, K., Yamada, H., Oki, T., Kiyoshima, K., et al.
(2010). Mechanism of synergistic antitumor effect of sorafenib and interferon-a on
treatment of renal cell carcinoma. J. Urology 184, 2549-2556. doi:10.1016/j.juro.
2010.07.033

Tei, H., Miyake, H., and Fujisawa, M. (2015). Enhanced sensitivity to
sorafenib by inhibition of Aktl expression in human renal cell carcinoma
ACHN cells both in vitro and in vivo. Hum. Cell 28, 114-121. d0i:10.1007/
s13577-015-0112-8

Tippu, Z., Au, L., and Turajlic, S. (2021). Evolution of renal cell carcinoma. Eur.
Urology Focus 7, 148-151. doi:10.1016/j.euf.2019.12.005

Unachukwu, U, Chada, K., and D’Armiento, J. (2020). High Mobility Group AT-
Hook 2 (HMGA2) oncogenicity in mesenchymal and epithelial neoplasia. Int. Journal
Molecular Sciences 21. doi:10.3390/ijms21093151

Wang, Y., Suarez, E. R., Kastrunes, G., de Campos, N. S. P., Abbas, R., Pivetta, R. S.,
et al. (2024). Evolution of cell therapy for renal cell carcinoma. Mol. Cancer 23 (8), 8.
doi:10.1186/s12943-023-01911-x

Wang, D., Nakayama, M., Hong, C. P., Oshima, H., and Oshima, M. (2023). Gain-of-
function p53 mutation acts as a genetic switch for TGF-p signaling-induced epithelial-
to-mesenchymal transition in intestinal tumors. Cancer Research. doi:10.1158/0008-
5472.CAN-23-1490

Weir, S. J., Patton, L., Castle, K., Rajewski, L., Kasper, J., and Schimmer, A. D. (2011).
The repositioning of the anti-fungal agent ciclopirox olamine as a novel therapeutic
agent for the treatment of haematologic malignancy. J. Clinical Pharmacy Therapeutics
36, 128-134. doi:10.1111/j.1365-2710.2010.01172.x

Wu, J., and Wei, J. J. (2013). HMGA2 and high-grade serous ovarian carcinoma.
J. Molecular Medicine 91, 1155-1165. doi:10.1007/s00109-013-1055-8

Xia, Y. Y., Yin, L, Jiang, N., Guo, W. J,, Tian, H, Jiang, X. S., et al. (2015).
Downregulating  HMGA2 attenuates epithelial-mesenchymal transition-induced
invasion and migration in nasopharyngeal cancer cells. Biochem. Biophysical
Research Communications 463, 357-363. doi:10.1016/j.bbrc.2015.05.068

Xu, X., Gong, C., Wang, Y., Yin, Z., Wang, X., Hu, Y., et al. (2023). Bioinformatics
analysis and experimental validation identified HMGA2/microRNA-200c-3p/LSAMP/
Wnt axis as an immunological factor of patients with colorectal cancer. Am. Journal
Cancer Research 13, 3898-3920.

frontiersin.org


https://doi.org/10.3390/ijms22158299
https://doi.org/10.3390/ijms22158299
https://doi.org/10.3892/ijo.2017.4194
https://doi.org/10.3892/or.2017.6091
https://doi.org/10.3233/CH-190559
https://doi.org/10.3233/CH-190559
https://doi.org/10.3233/CBM-2010-0195
https://doi.org/10.1038/bjc.2012.209
https://doi.org/10.1038/sj.bjc.6600935
https://doi.org/10.4103/tcmj.tcmj_204_21
https://doi.org/10.1158/2159-8290.CD-17-0610
https://doi.org/10.1096/fj.02-0586fje
https://doi.org/10.1016/j.humpath.2014.02.028
https://doi.org/10.3892/mmr.2017.7258
https://doi.org/10.3892/mmr.2017.7258
https://doi.org/10.1186/s12885-022-09537-w
https://doi.org/10.1016/j.biopha.2023.115001
https://doi.org/10.1016/j.acuro.2016.08.003
https://doi.org/10.1186/s12964-022-00847-x
https://doi.org/10.1038/onc.2010.590
https://doi.org/10.1158/1078-0432
https://doi.org/10.1002/jcp.29007
https://doi.org/10.1016/j.biopha.2021.111681
https://doi.org/10.1002/ajh.23640
https://doi.org/10.1002/ajh.23640
https://doi.org/10.1128/aac.47.6.1805-1817.2003
https://doi.org/10.1128/aac.47.6.1805-1817.2003
https://doi.org/10.3390/cancers15174406
https://doi.org/10.3389/fmed.2015.00015
https://doi.org/10.1038/s41419-020-02779-1
https://doi.org/10.1172/jci.insight.141299
https://doi.org/10.1172/jci.insight.141299
https://doi.org/10.1016/j.canlet.2013.08.006
https://doi.org/10.1016/j.canlet.2013.08.006
https://doi.org/10.1016/j.exphem.2013.04.012
https://doi.org/10.18632/genesandcancer.135
https://doi.org/10.18632/genesandcancer.166
https://doi.org/10.1038/s41419-021-03535-9
https://doi.org/10.1038/s41419-021-03535-9
https://doi.org/10.1073/pnas.171209998
https://doi.org/10.1016/j.juro.2010.07.033
https://doi.org/10.1016/j.juro.2010.07.033
https://doi.org/10.1007/s13577-015-0112-8
https://doi.org/10.1007/s13577-015-0112-8
https://doi.org/10.1016/j.euf.2019.12.005
https://doi.org/10.3390/ijms21093151
https://doi.org/10.1186/s12943-023-01911-x
https://doi.org/10.1158/0008-5472.CAN-23-1490
https://doi.org/10.1158/0008-5472.CAN-23-1490
https://doi.org/10.1111/j.1365-2710.2010.01172.x
https://doi.org/10.1007/s00109-013-1055-8
https://doi.org/10.1016/j.bbrc.2015.05.068
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723954

Liu et al.

Yin, J., Che, G, Jiang, K., Zhou, Z., Wu, L., Xu, M, et al. (2022). Ciclopirox olamine
exerts tumor-suppressor effects via topoisomerase II alpha in lung adenocarcinoma.
Front. Oncology 12, 791916. doi:10.3389/fonc.2022.791916

Zhang, J., Zhang, L., Xu, Y., Jiang, S., and Shao, Y. (2018). Deciphering the binding

behavior of flavonoids to the cyclin dependent kinase 6/cyclin D complex. PloS One 13,
€0196651. doi:10.1371/journal.pone.0196651

Zhang, S., Mo, Q., and Wang, X. (2019). Oncological role of HMGA2. Int. Journal
Oncology 55, 775-788. doi:10.3892/ij0.2019.4856

Zhou, H., Shen, T., Luo, Y., Liu, L., Chen, W., Xu, B., et al. (2010). The antitumor
activity of the fungicide ciclopirox. Int. Journal Cancer 127, 2467-2477. doi:10.1002/ijc.
25255

Zhou, H., Shang, C., Wang, M., Shen, T., Kong, L., Yu, C,, et al. (2016). Ciclopirox
olamine inhibits mTORCI signaling by activation of AMPK. Biochem. Pharmacology
116, 39-50. doi:10.1016/j.bcp.2016.07.005

Frontiers in Pharmacology

14

10.3389/fphar.2026.1723954

Zhou, J., Zhang, L., Wang, M., Zhou, L., Feng, X,, Yu, L,, et al. (2019). CPX targeting
DJ-1 triggers ROS-induced cell death and protective autophagy in colorectal cancer.
Theranostics 9, 5577-5594. doi:10.7150/thno.34663

Zhou, L., He, Y., Deng, Y., Li, X., Wang, W., and Chen, J. (2023). Ciclopirox mitigates
inflammatory response in LPS-induced septic shock via inactivation of SORT1-
mediated wnt/p-Catenin signaling pathway. Immunopharmacol. Immunotoxicology
45, 1-8. doi:10.1080/08923973.2023.2231628

Zhu, X., Xiang, Y., Mo, F, and Jin, L. (2023). LINC00460 mediates
HMGA2 expression through binding to miRNA-143-5p competitively in
gastric carcinoma. Turkish Journal Biology 47, 130-140. doi:10.55730/1300-0152.
2648

Zhu, Y., Zhao, Z., Xue, M., Wang, D, Su, G, Ju, X,, et al. (2023). Ciclopirox olamine
sensitizes leukemia cells to natural killer cell-mediated cytolysis by upregulating
NKG2DLs via the Akt signaling pathway. Biochem. Biophysical Research
Communications 659, 10-19. doi:10.1016/j.bbrc.2023.03.062

frontiersin.org


https://doi.org/10.3389/fonc.2022.791916
https://doi.org/10.1371/journal.pone.0196651
https://doi.org/10.3892/ijo.2019.4856
https://doi.org/10.1002/ijc.25255
https://doi.org/10.1002/ijc.25255
https://doi.org/10.1016/j.bcp.2016.07.005
https://doi.org/10.7150/thno.34663
https://doi.org/10.1080/08923973.2023.2231628
https://doi.org/10.55730/1300-0152.2648
https://doi.org/10.55730/1300-0152.2648
https://doi.org/10.1016/j.bbrc.2023.03.062
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1723954

	Effect of the antifungal drug ciclopirox on the inhibition of HMGA2-mediated oncogenic capacity in ACHN renal cell carcinoma
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and chemical
	2.2 CCK8 cell proliferation assays
	2.3 Clone formation experiment
	2.4 Transwell assay for detection of cell invasion
	2.5 Detection of cell migration by scratch method
	2.6 PI single staining method for cell cycle detection
	2.7 Detection of apoptosis by Annexin-V FITC/PI double staining method
	2.8 Xenograft studies
	2.9 Western blotting analysis
	2.10 Real-time polymerase chain reaction (RT-PCR) analysis
	2.11 Hematoxylin & Eosin (HE) staining
	2.12 Statistical analysis

	3 Results
	3.1 CPX inhibits the growth and proliferation of human renal cancer ACHN cells
	3.2 CPX inhibits migration and invasion of human renal cancer ACHN cells
	3.3 CPX blocks the renal cancer ACHN cell cycle by inhibits G1/S transition
	3.4 CPX induces apoptosis in renal cancer ACHN cells in an in vitro assay
	3.5 Inhibition of mouse xenograft tumor growth by CPX administration
	3.6 CPX reduces the epithelial-mesenchymal transition (EMT) in renal cancer ACHN cells by inhibiting the TGF-β/Smads signal ...
	3.7 CPX inhibits the E2F1/Cyclin D1/CDK6 signaling pathway by down-regulating HMGA2 protein levels, leading to cell cycle d ...

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


