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Abstract 

Objective Cervical cancer is a common malignancy among women, and radiotherapy remains a primary treatment 
modality across all disease stages. However, resistance to radiotherapy frequently results in treatment failure, high-
lighting the need to identify novel therapeutic targets to improve clinical outcomes.

Methods The expression of molecule interacting with CasL-2 (MICAL2) was confirmed in cervical cancer tissues 
and cell lines through western blotting (WB) and immunohistochemistry (IHC). Siha and Hela cells were used 
to examine the regulatory and biological functions of MICAL2 via knockdown and overexpression experiments. 
Assays including MTT, colony formation, wound healing, transwell migration, and sphere formation were employed, 
along with WB analysis. DNA damage in irradiated cells with MICAL2 knockdown or overexpression was evaluated 
using the comet assay, while γ-H2AX and Rad51 protein levels were detected by WB. In vivo experiments validated 
the tumorigenic and radioresistance functions of MICAL2. Additionally, the relationship between MICAL2 expres-
sion and radiotherapy response was analyzed in 62 patients with cervical cancer by assessing tumor regression 
and MICAL2 levels six months post-treatment.

Results MICAL2 expression was significantly elevated in cervical cancer tissues and cells. Functional analyses dem-
onstrated that MICAL2 promotes cell proliferation, migration, and invasion by activating the MAPK and PI3K/AKT 
pathways, as confirmed through both in vitro and in vivo experiments. Silencing MICAL2 increased DNA damage, 
impeded DNA repair, and enhanced radiosensitivity. Among the 62 patients with cervical cancer, elevated MICAL2 
expression was associated with a lower complete response rate to radiotherapy (25.6% vs. 60.9% in those with low 
expression), reduced progression-free survival, and advanced cancer stage (*p < 0.05).

Conclusion MICAL2 plays a critical role in tumor progression and radiotherapy resistance in cervical cancer. These 
findings provide a foundation for developing targeted therapies to improve treatment outcomes in this population.
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Introduction
Cancer remains a significant social, public health, and 
economic challenge in the twenty-first century [1]. 
According to global statistics from 2022, approximately 
20 million new cancer cases were reported, along with 
nearly 10 million cancer-related deaths, posing a substan-
tial threat to human health and life expectancy [2]. Fur-
thermore, the economic burden of cancer is considerable, 
with costs varying across cancer types, countries, and 
regions [3]. The disease also has profound familial conse-
quences, particularly in regions such as Asia and Africa, 
where cancer is a leading cause of maternal orphanhood, 
with cervical cancer accounting for nearly half of all 
maternal cancers [4].

Cervical cancer is the fourth leading cause of mor-
bidity and mortality among women globally, posing a 
significant public health challenge [5]. Its impact is par-
ticularly pronounced among middle-aged women in 
resource-limited settings [6]. The therapeutic approaches 
for cervical cancer include surgery, radiotherapy, chemo-
therapy, immunotherapy, and targeted therapy. Radio-
therapy is employed across all stages of cervical cancer, 
with concurrent chemoradiotherapy serving as the stand-
ard treatment for locally advanced stages (IB3–IVA) [7]. 
Radiotherapy exerts its effects primarily by inducing 
DNA damage, either directly through ionizing radiation 
(IR) or indirectly via the generation of reactive oxygen 
species (ROS), ultimately leading to tumor cell death. [8]

Despite its efficacy, the variability in the phenotypic 
and functional characteristics of tumor-initiating cells, 
also known as cancer stem cells (CSCs), represents a crit-
ical barrier to treatment success. CSCs, which are known 
for their radioresistance, play a pivotal role in local 
tumor control following radiotherapy, particularly in 
patients with locally advanced disease [9]. Several intrin-
sic mechanisms contribute to this resistance, including 
the activation of pro-survival pathways, enhanced DNA 
repair capabilities, protection against oxidative stress, 
an unlimited capacity for self-renewal, and impaired cell 
cycle arrest and apoptosis. Exogenous factors, such as 
the hypoxic tumor microenvironment and extracellular 
matrix components, further support the survival of CSCs 
[10].

Radiotherapy resistance, particularly in patients with 
locally advanced cervical cancer, often results in insuf-
ficient tumor regression or short-term recurrence [11]. 
To address this challenge, ongoing research focuses on 
identifying and characterizing novel radiosensitization 
targets to improve the efficacy of radiotherapy for indi-
viduals diagnosed with cervical cancer.

Systemic chemotherapy remains a cornerstone in the 
treatment of various malignancies, including cervical 
cancer. It can be classified into neoadjuvant, adjuvant, 

and concurrent therapy, depending on its timing rela-
tive to radiotherapy. When administered concurrently 
with radiotherapy, systemic chemotherapy often exerts 
a synergistic effect [12]. However, traditional systemic 
chemotherapy non-selectively targets both tumor cells 
and normal tissue, causing substantial toxicity to rapidly 
dividing normal cells, such as those in the bone marrow, 
hair follicles, and gastrointestinal epithelium [13].

A novel approach in cancer treatment is the use of anti-
body–drug conjugates (ADCs), which consist of mono-
clonal antibodies linked to cytotoxic agents via a stable 
linker. These conjugates enable selective delivery of cyto-
toxic agents to target cells, minimizing damage to normal 
tissues. ADCs are currently approved by the U.S. Food 
and Drug Administration (FDA) for the treatment of sev-
eral cancers, including breast cancer, lymphoma, multi-
ple myeloma, gastric cancer, and ovarian cancer [14–16]. 
However, premature release of the cytotoxic payload into 
the bloodstream remains a challenge, leading to adverse 
effects such as hematologic toxicity, hepatotoxicity, and 
gastrointestinal disturbances [17]. Moreover, immune 
responses triggered by the monoclonal antibody compo-
nent of ADCs have occasionally resulted in severe treat-
ment-related adverse events, including fatalities [18].

To overcome these limitations, research has increas-
ingly focused on developing safer and more efficient 
methods for drug delivery. Nanocarriers have emerged as 
a promising solution, with polymer-based nanocarriers 
gaining attention due to their advantageous properties, 
including targeted delivery, biodegradability, biocompat-
ibility, high drug-loading capacity, and prolonged circula-
tion time in the bloodstream [19].

The molecule interacting with CasL (MICALs) family 
represents an evolutionarily conserved group of proteins 
that regulate cytoskeletal dynamics and play essential 
roles in fundamental biological processes [20, 21]. Within 
this family, MICAL2, a multi-domain nucleoplasmic 
protein, facilitates F-actin depolymerization through 
interactions with signaling molecules such as vascu-
lar endothelial growth factor (VEGF), platelet-derived 
growth factor (PDGF), epidermal growth factor (EGF), 
fibroblast growth factor (FGF), and their respective 
receptors [22–25]. These interactions activate epithelial-
mesenchymal transition (EMT)-related proteins via mul-
tiple pathways, thereby enhancing cancer cell metastasis 
[21, 26–28].

MICAL2 is overexpressed in various tumors, including 
gastric cancer and glioblastoma, where it contributes to 
tumor cell proliferation and invasion [29, 30]. Addition-
ally, it mediates NADPH oxidation in prostate cancer and 
correlates with MKI67, a proliferation marker in bladder 
cancer, underscoring its role as a tumor promoter [21, 31, 
32]. In breast cancer, elevated MICAL2 levels increase 
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epidermal growth factor receptor (EGFR) expression by 
delaying its degradation [33].

Despite these observations, the role and mechanism 
of MICAL2 in cervical cancer remain poorly understood 
and have not been fully elucidated. Preliminary evidence 
has identified MICAL2 as a gene that significantly dif-
ferentiates radiotherapy-resistant cervical cancer cells 
from normal epithelial cells. Its expression has also been 
validated in human tumor tissues, yet the specific mecha-
nisms underlying its function remain unclear [34]. Con-
sequently, this study aimed to investigate the role and 
mechanisms of MICAL2 in cervical cancer, with a par-
ticular focus on its impact on the radiosensitivity of the 
disease.

We investigated the effects of MICAL2 on cervical 
cancer cell proliferation and radioresistance and evalu-
ated the relationship between MICAL2 expression levels 
and the clinical efficacy of radiotherapy in cervical can-
cer. The findings demonstrated that MICAL2 enhanced 
cervical cancer cell proliferation, migration, and inva-
sion in vitro. In vivo experiments further confirmed that 
MICAL2 significantly increased tumor growth rate and 
size in cervical cancer xenograft models. Moreover, both 
in  vitro and in  vivo data indicated that MICAL2 inhib-
ited DNA damage during radiotherapy, thereby contrib-
uting to increased radioresistance. Clinically, individuals 
with cervical cancer exhibiting high MICAL2 expression 
showed poor responses to radiotherapy. These results 
suggest that targeting MICAL2 may represent a promis-
ing therapeutic approach to improve radiotherapy out-
comes in cervical cancer.

Materials and methods
Patients and tissue samples
This study was conducted in compliance with the Decla-
ration of Helsinki and approved by the Ethics Commit-
tee of The Second Affiliated Hospital of Dalian Medical 
University (authorization code: 2023020). A total of 62 
patients with International Federation of Gynecology and 
Obstetrics (FIGO) stage I–III cervical squamous cell car-
cinoma, who underwent radical pelvic radiotherapy with 
or without para-aortic lymph node irradiation in our 
department between September 2018 and September 
2022, were included. All participants received standard 
concomitant chemoradiotherapy, and no surgical resec-
tion was performed prior to the completion of statistical 
analyses.

Additionally, 16 patients with cervical squamous cell 
carcinoma, aged 18–80 years, who underwent surgery 
in our hospital between 2022 and 2023 were randomly 
selected for inclusion. Written informed consent was 
obtained from all participants prior to their enrollment 
in the study. Tumor tissue samples, including tumor and 

surrounding tissues, were collected from patients who 
had not received anti-tumor therapy since diagnosis. All 
patient data were verified for accuracy.

Cell lines and culture
Human cervical cell lines Siha, HeLa, HeLa S3, C33-A, 
and CaSki, as well as normal cervical cells Ect1, were 
obtained from the American Type Culture Collection 
(ATCC). Cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS, Gibco, USA). All cells were 
maintained at 37 °C in a humidified incubator with 5% 
 CO2.

Cellular viability assay
Cell viability was assessed using the MTT assay. Briefly, 
cells were seeded into a 96-well plate at a density of 2,000 
cells per well. The following day, cells were transfected 
with various siRNAs in medium without FBS. Absorb-
ance was measured at 490 nm using a Microplate Reader 
(Thermo, USA) to determine cell viability.

Western immunoblotting (WB) analysis
Proteins were extracted from cell and tissue lysates 
(Beyotime, Shanghai, China) and separated using 10% 
sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE). The proteins were then transferred 
electrophoretically to polyvinylidene fluoride (PVDF) 
membranes. Following transfer, the membranes were 
incubated with primary antibodies: MICAL2 (13965-1-
AP, Proteintech, China), AKT (#4691, CST, USA), p-AKT 
(#13038, CST, USA), extracellular regulated protein 
kinases (ERK, #4695, CST, USA), p-ERK (#9154, CST, 
USA), P38 (#9212, CST, USA), p-P38 (#4511, CST, USA), 
PI3Kinase p110γ (#4249, CST, USA), p–c-Raf (#9421, 
CST, USA), B-cell leukemia/lymphoma 2 (Bcl-2, 12789-
1-AP, Proteintech, China), BCL2-Associated X Protein 
(Bax, 50599-2-lg, Proteintech, China), cleaved caspase-9 
(#9502, CST, USA), cleaved PARP (13371-1-AP, Pro-
teintech, China), vimentin (#5741, CST, USA), matrix 
metalloproteinase 9 (MMP9, 10375-1-AP, Proteintech, 
China), E-cadherin (20874-1-AP, Proteintech, China), 
N-cadherin (22018-1-AP, Proteintech, China), Snail 
(#3879, CST, USA), CD44 (15675-1-AP, Proteintech, 
China), CD133 (184701-AP, Proteintech, China), Nanog 
(14295-1-AP, Proteintech, China), Ki67 (19972-1-AP, 
Proteintech, China), P110α (#4249P, CST, USA), γ-H2AX 
(#9718S, CST, USA), Rad51 (14961-1-AP, Proteintech, 
China), actin (20536-1-AP, Proteintech, China), and 
GAPDH (10494-1-AP, Proteintech, China). Protein bands 
were detected using enhanced chemiluminescence (ECL, 
Bio-Rad Laboratories, Inc., USA) based on the instruc-
tions provided by the manufacturer.
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Design and transfection of siRNA
To inhibit MICAL2 expression, cells were transfected 
with MICAL2-specific siRNAs (SiRNA1: 5′-GCA UAG 
AUC UUG AGA ACA UTT-3′, 5′-AUG UUC UCA AGA 
UCU AUG CTT-3′; SiRNA2: 5′-GCA GCG ACA CGU 
GUU ACU UTT-3′, 5′-AAG UAA CAC GUG UCG CUG 
CTT-3′) or non-specific siRNA (10 μmol/L) synthe-
sized by Suzhou GenePharma Company (China). The 
siRNA duplexes (2 μg) were delivered into the cells 
using Lipofectamine 2000 (Invitrogen, USA). Pro-
tein expression was assessed using WB, and cell via-
bility was assessed using the MTT assay, 48  h after 
transfection.

Plasmid vectors and transfection
The MICAL2 plasmid was procured from OriGene 
(USA). Additionally, plasmids containing MICAL2 gene 
sequences of varying lengths were constructed in the 
laboratory and utilized for transfection experiments. For 
MICAL2 overexpression, HeLa and Siha cells were trans-
fected with either a MICAL2-overexpressing plasmid or 
a LacZ control vector.

Establishment of a stable cell line
To achieve MICAL2 knockdown in HeLa and Siha cells, 
short hairpin RNAs (shRNAs) targeting MICAL2 were 
employed. Four distinct shRNA plasmids and a con-
trol plasmid containing non-targeting shRNA fused 
to mCherry were obtained from GeneCopoeia (Rock-
ville, USA). Virus packaging and transfection were per-
formed following the instructions in the Lenti-Pac™ HIV 
Expression Packaging Kit User Manual (GeneCopoeia). 
Fluorescence microscopy and WB analysis identified 
Sh1 (5′-GGT CAA TTC ATA GAA GAA CTT-3′) and Sh2 
(5′-GGT AAA TCC CAA CAT GTA CCA-3′) as the most 
effective sequences for silencing MICAL2 expression. To 
enhance MICAL2 expression, HeLa and Siha cells were 
infected with lentivirus containing the MICAL2 overex-
pression construct (LvOE).

Colony formation assay
Cervical cancer cells were seeded into six-well plates and 
transfected the following day. After 6 to 8 h of incubation 
in a serum-free medium, the medium was replaced with 
one supplemented with 10% FBS. After 48  h, cells were 
harvested, and 700 cells from each group were plated 
into separate six-well plates. The cells were cultured for 
12 days, after which they were washed, fixed, and stained. 
Colonies containing more than 50 cells were counted 
under a light microscope (Olympus, Japan).

Acridine orange/ethidium bromide (AO/EB) fluorescence 
staining
Siha and HeLa cells were cultured on chamber slides 
and treated with MICAL2 siRNA. After 48  h, detached 
cells were collected, washed with PBS, and fixed with 
95% ethanol for 15 min. Subsequently, 10 μL acridine 
orange/ethidium bromide (AO/EB) solution (50 μg/mL) 
was added to each well. Images of the cells were captured 
using a Leica DM 14000B microscope equipped with a 
digital camera. Ethidium bromide (EB) staining was used 
to identify damaged cell membranes, with apoptotic cells 
displaying increased orange-red fluorescence in their 
nuclei. Apoptotic cell counts were analyzed using ImageJ 
software.

Wound‑healing and transwell migration assay
Cell migration was assessed using wound-healing and 
transwell assays. For the wound-healing assay, trans-
fected cells grown in six-well plates were scratched with 
sterile pipette tips to create a linear gap. Images of the 
gaps were captured at 0, 24, 48, and 72  h post-scratch 
using a Leica DM 14000B microscope (Germany).

For the transwell invasion assay, transfected cells were 
seeded into the upper chambers of transwell inserts pre-
coated with Matrigel (BD Biosciences, USA). Cells were 
incubated for 36 to 48  h, after which the invaded cells 
on the lower side of the membrane were fixed, stained, 
and observed. Cell invasion was quantified by count-
ing the stained cells under a high-magnification light 
microscope.

Sphere formation
Transfected cervical cancer cells were cultured in 
ultralow attachment plates (Corning, USA) and sus-
pended in serum-free DMEM/F12 supplemented with 
1 × B27 (Life Technologies, USA), 20 ng/mL EGF, and 
10 ng/mL basic FGF (both from BD Biosciences, USA). 
Fresh medium was replenished three times a week. After 
14 days of incubation, spheres containing more than 25 
cells were counted under a light microscope.

Irradiation assay
A single dose of 4 Gy of 6 MV X-rays was delivered to 
cells using an X-320ix irradiator (Precision X-Ray, Inc., 
USA) at a dose rate of 0.40 Gy/min and a target distance 
of 50 cm. During radiation exposure, the cells were cov-
ered with a 1.0 cm-thick wax plate for uniform dose 
distribution.

For mouse irradiation, the animals were anesthetized 
and immobilized within a glass cage to ensure accurate 
targeting. Tumors were positioned at the center of the 
irradiation field and exposed to 6 MV X-rays (dose rate: 



Page 5 of 20Teng et al. Journal of Translational Medicine           (2025) 23:44  

1.32 Gy/min, 320 keV peak, 6 mA, filtered with 2 mm Al). 
A dose of 2 Gy was administered daily on days 5, 7, 9, 11, 
13, and 15, resulting in a total cumulative dose of 12 Gy.

Tumor cell comet assay
After transfection and X-ray irradiation, cervical cancer 
cells were harvested for comet assay analysis. A base layer 
of normal melting point agarose gel (100 μL) was applied 
to a microscope slide and allowed to solidify for 30 min. 
Subsequently, cells were suspended in low melting point 
agarose gel and overlaid onto the solidified base.

The slides were immersed in a chilled electrophoresis 
buffer (300 mM NaOH, 1 mM EDTA) and subjected to 
electrophoresis at 25 V for 25 min. Following electro-
phoresis, the slides were stained with ethidium bromide 
solution (20 μg/mL) and visualized using an Olympus flu-
orescence microscope. The percentage of DNA in the tail 
was calculated using the Comet Assay Software Project 
(CASP) according to the formula: 100 − (head fluorescent 
intensity / (head fluorescent intensity + tail fluorescent 
intensity)) × 100.

The tail length was measured as the distance between 
the head and the full length of the tail.

Nuclear extraction
Cells were incubated for 10 min in 250 μL of cytoplasmic 
lysis buffer containing 10 mM HEPES (pH 7.9), 10 mM 
KCl, 1.5 mM  MgCl2·6H2O, 300 mM sucrose, and 0.5% 
NP-40, supplemented with protease inhibitors: 10 mM 
NaF, 2.5 mM β-glycerophosphate, 1 mM Na₃VO₄, 0.1 
mM PMSF, 1 μg/mL leupeptin, and 0.5 mM dithiothrei-
tol. The mixture was kept on ice for 10 min, then centri-
fuged at 10,400 × g for 10 min at 4 °C to isolate nuclear 
proteins. The concentration of nuclear protein was quan-
tified using a BCA protein assay (Beyotime, China).

Tissue microarrays
Cervical cancer tissue microarrays were obtained from 
Outdo Biotech, Shanghai, China. Tumor tissue speci-
mens, encompassing both cancerous and adjacent non-
cancerous tissues, were collected from patients who had 
not undergone any anti-tumor treatments since diag-
nosis. All patient information was verified for accuracy. 
MICAL2 protein expression levels were evaluated based 
on staining intensity observed in the tissue microarrays. 
Slides were scored according to the extent and intensity 
of the staining.

Immunohistochemical staining
Immunohistochemical (IHC) staining was performed 
using the DAB (3,3′-diaminobenzidine) Kit (Origene, 
China) on cervical cancer tissues, tissue microarrays, and 
samples from nude mice. The samples were incubated 

with primary antibodies at 4 °C for 12 h: MICAL2 
(Abmart, 1:200), Ki67 (Proteintech, 1:50), CD133 (Pro-
teintech, 1:50), P110α (CST, 1:150), Rad51 (Proteintech, 
1:50), and γ-H2AX (CST, 1:150).

Following incubation, the slides were treated with a 
secondary antibody conjugated with streptavidin/per-
oxidase, counterstained with hematoxylin, and devel-
oped using DAB substrate. The overall expression score 
for each sample was calculated by multiplying the stain-
ing intensity (0 for negative staining; 1 for weak stain-
ing; 2 for moderate staining; 3 for strong staining) by the 
percentage of stained cells (1 for positive cells compris-
ing ≤ 25% of the total, 2 for 26–50%, 3 for 51–75%, and 4 
for > 75%). Samples with a score of 7 or higher were clas-
sified as having high expression, while those with a score 
below 7 were classified as having low expression.

Tumor model and tissue processing in vivo
Four-week-old female BALBc/nude mice were obtained 
from the Institute of Genome Engineered Animal Mod-
els for Human Disease at Dalian Medical University. All 
animal care and experimental procedures complied with 
the National Institutes of Health Guidelines for the Care 
and Use of Laboratory Animals and were approved by the 
Animal Care and Ethics Committee of Dalian Medical 
University (authorization code: 20233228).

Siha cells were divided into two groups (LacZ, OE), and 
radiotherapy-resistant Siha cells were categorized into 
four groups (NC, NC + IR, Sh1, and Sh1 + IR). A total of 
4 ×  106 cells, resuspended in cold PBS, were injected sub-
cutaneously into the left armpit of the mice. Tumor size 
and body weight of nude mice were initially recorded on 
day 3 for the standard Siha cell group and on day 5 for 
the radiotherapy-resistant group. Tumor size was subse-
quently measured every two days using vernier calipers. 
The experiment was concluded on day 16 after tumor cell 
inoculation.

At the end of the experiment, mice were euthanized, 
and tumors were excised and weighed. Tumor tissues 
were processed as follows: a portion was quick-frozen 
in liquid nitrogen and stored at −  80  °C for subsequent 
WB analysis, while the remaining tissue was fixed in 10% 
formalin, embedded in paraffin, and subjected to IHC 
staining.

Statistical analysis
Each experiment was performed in triplicate under iden-
tical conditions. Data are expressed as mean ± standard 
deviation (SD), and statistical analyses were conducted 
using GraphPad Prism software version 5.01 (GraphPad 
Software, Inc., USA). Differences between test and con-
trol samples were analyzed using the Student’s t-test, 
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with a p-value of less than 0.05 considered statistically 
significant.

Results
MICAL2 expression is elevated in cervical cancer cell lines 
and tumor tissues
A prior study by our group identified 59 differentially 
expressed genes (DEGs) between cervical cancer cells 
and radioresistant cervical cancer cells through RNA 
sequencing analysis. Among these, 42 genes were upreg-
ulated, and 17 genes were downregulated, including 
MICAL2 (Fig. 1A) [34]. Heat map analysis demonstrated 
relatively high expression levels of MICAL2 in radiore-
sistant cervical carcinoma cell lines (Fig. 1B).

Using data from The Cancer Genome Atlas (TCGA), 
including cervical squamous cell carcinoma and endocer-
vical adenocarcinoma (CESC), MICAL2 expression was 
further evaluated across various cancer types and adja-
cent normal tissues, confirming elevated expression in 
cervical cancer (Fig. 1C). WB analysis was performed on 
tumor and adjacent normal tissues from 16 patients with 
clinical cervical cancer. Of these samples, 10 exhibited 
high MICAL2 expression, while 6 showed low expression 
in cancer tissues (Fig. 1D). IHC staining further validated 
significantly elevated MICAL2 protein expression in cer-
vical cancer tissues from 5 patient samples (Fig. 1E).

Additionally, MICAL2 expression was assessed in the 
normal cervical epithelial cell line Ect1 and five cervical 
carcinoma cell lines (Caski, C33A, HeLa, Siha, and HeLa 
S3). All five carcinoma cell lines displayed significantly 
higher MICAL2 expression compared to Ect1 (Fig. 1F).

These findings collectively demonstrate that MICAL2 
is more highly expressed in cervical carcinoma tissues 
and cell lines than in adjacent normal tissues, suggesting 
its potential role in the development and progression of 
cervical carcinoma.

MICAL2 promotes cervical cancer cells growth and survival 
in vitro by inhibiting apoptosis and activating MAPK 
and PI3K/AKT signaling pathways
To investigate the regulatory role of MICAL2 in cervi-
cal cancer cell growth, its expression was silenced in Siha 

and HeLa cervical cancer cell lines, and the reduction in 
MICAL2 protein levels was confirmed by immunoblot-
ting (Fig. 2A). A clonogenic assay revealed that MICAL2 
knockdown significantly suppressed the clonal forma-
tion ability of Siha and HeLa cells (Fig.  2B). Similarly, 
the MTT assay demonstrated a significant decrease in 
cell viability following MICAL2 silencing in these cells 
(Fig. 2C).

To elucidate the molecular mechanisms underlying the 
role of MICAL2 in cervical cancer proliferation, its asso-
ciation with the PI3K/AKT and MAPK/ERK signaling 
pathways, which are pivotal in tumorigenesis, was evalu-
ated. Knockdown of MICAL2 led to a marked reduc-
tion in phosphorylation levels of AKT, ERK, p38, P110r, 
and C-Raf (Fig.  2D), indicating that downregulation 
of MICAL2 inhibits proliferation by suppressing these 
pathways.

Apoptosis levels were further assessed using AO/EB 
staining, which showed an accumulation of orange-red 
fluorescence in the nuclei of cells with MICAL2 knock-
down, indicative of increased apoptosis (Fig.  2E). West-
ern blot analysis of apoptosis-related proteins revealed 
decreased Bcl-2 expression and increased levels of Bax, 
cleaved caspase-9 (Cl-caspase-9), and cleaved PARP (Cl-
PARP) in MICAL2-silenced cells (Fig. 2F).

Conversely, overexpression of MICAL2 in Siha cells 
(Fig.  2G) resulted in enhanced clonogenic potential 
(Fig. 2H) and increased cell viability (Fig. 2I). Overexpres-
sion of MICAL2 was also associated with upregulation of 
phosphorylation levels for AKT, ERK, p38, P110r, and 
C-Raf (Fig. 2J). In line with these findings, MICAL2 over-
expression reduced apoptotic cell numbers, increased 
Bcl-2 expression, and decreased Bax, Cl-caspase-9, and 
Cl-PARP levels (Fig. 2K, L).

MICAL2 enhances migration and invasion of cervical 
cancer cells through EMT signaling
The effect of MICAL2 on the migration and invasion 
capabilities of cervical cancer cells was evaluated using 
transwell and wound-healing assays in HeLa and Siha 
cells. In the transwell assay, the number of invading and 
migrating cells was significantly reduced in the MICAL2 

(See figure on next page.)
Fig. 1 MICAL2 exhibits high expression levels in cervical cancer cell lines and tumor tissues. A RNA sequencing analysis demonstrates MICAL2 
as one of the 59 differential genes between cervical cancer cells and radioresistant cervical cancer cells. B Heatmap reveals that RRSiHa and RRHeLa 
share 42 significantly upregulated genes, including MICAL2, when compared to their parental Siha and Hela cell lines (n = 3). C Analysis of TCGA 
pan-cancer data demonstrates MICAL2 expression across various cancer types, with CESC highlighted in red. D WB analysis confirms elevated 
MICAL2 expression in tumor tissues (T) compared to normal tissues (N) from 16 patients with cervical cancer. E Immunohistochemical (IHC) analysis 
further demonstrates MICAL2 expression in cancerous and adjacent tissues from 16 patients with cervical cancer, with representative morphograms 
presented for three cases and quantitative analysis provided for all 16 cases in a histogram. F WB analysis reveals MICAL2 protein expression in one 
normal cervical cell line and five cervical cancer cell lines (n = 3). Data are presented as mean ± standard deviation, with statistical significance 
indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group
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Fig. 1 (See legend on previous page.)
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knockdown group compared to the siRNA control group 
(Fig. 3A). Similarly, in the wound-healing assay, cells with 
MICAL2 knockdown exhibited slower migration and 
a markedly lower wound closure rate at 48 h compared 
to the control group (Fig.  3B). These findings demon-
strate that MICAL2 knockdown significantly impairs the 
migration and invasion abilities of cervical cancer cells.

This observation was further supported by WB analy-
sis, which revealed changes in the expression of proteins 
related to the EMT pathway. Specifically, knockdown 
of MICAL2 resulted in reduced expression of vimen-
tin, MMP-9, N-cadherin, and Snail, while E-cadherin 
expression was upregulated (Fig.  3C). Conversely, over-
expression of MICAL2 in Siha cells led to enhanced 
invasiveness and migratory capacity (Fig.  3D–F). These 
results indicate that MICAL2 promotes the migration 
and invasion of cervical cancer cells, potentially through 
the activation of EMT signaling pathways.

MICAL2 promotes stem cell‑like traits and tumor formation 
in cervical cancer cells
CSCs contribute to the progression of malignancies 
due to their distinctive capabilities [35]. To evaluate the 
involvement of MICAL2 in CSC-related traits, a sphere 
formation assay was performed. MICAL2 knockdown 
significantly reduced the sphere diameter in both SiHa 
and HeLa cells (Fig. 4A). Furthermore, the expression of 
key CSC markers, including CD133, CD44, and Nanog, 
was markedly downregulated in the MICAL2 knockdown 
group (Fig. 4B). To further explore the functional role of 
MICAL2, a MICAL2 overexpression plasmid was con-
structed and transfected into SiHa cells using a lentivirus 
packaging system, with the parental cell line serving as a 
control. WB analysis confirmed successful overexpres-
sion of MICAL2 (Fig. 4C). Compared to the knockdown 
results, overexpression of MICAL2 in SiHa cells led to 
enhanced sphere formation and increased expression of 
CSC markers (Fig. 4D and E). These findings collectively 

indicate that MICAL2 promotes stem-like characteristics 
in cervical cancer cells.

The regulatory role of MICAL2 in tumor growth was 
further investigated using a cervical carcinoma xeno-
graft model. SiHa cells with stable MICAL2 overexpres-
sion and control cells were subcutaneously injected into 
the right axillary region of nude mice. The animals were 
divided into two groups: the MICAL2 overexpression 
(OE) group and the control (LacZ) group. Tumor weight 
and volume were measured on days 3, 5, 7, 9, 11, 13, and 
15 post-inoculation. The OE group exhibited a significant 
increase in tumor size and weight compared to the con-
trol group (Fig. 4F and G), suggesting that MICAL2 over-
expression significantly enhances tumor growth. WB and 
IHC analyses demonstrated that MICAL2 overexpression 
substantially elevated the expression of Ki67, CD133, and 
P110α in the cervical cancer xenografts (Fig. 4H and I). 
These in vivo findings align with the in vitro results, fur-
ther confirming that MICAL2 overexpression promotes 
cervical cancer cell proliferation and tumor formation. 
Collectively, these results underscore the critical role 
of MICAL2 in fostering tumor development in cervical 
carcinoma.

MICAL2 reduces DNA damage and radiosensitivity 
of cervical cancer cells under irradiation
MICAL2 was identified as one of the 59 differentially 
expressed genes between cervical carcinoma cells 
and their radioresistant counterparts through RNA 
sequencing analysis [19]. However, the specific role 
of MICAL2 in modulating radiosensitivity in cervi-
cal carcinoma requires further investigation. Stable 
MICAL2 knockdown in SiHa and HeLa cells (Fig.  5A) 
was achieved, followed by exposure to 4 Gy irradiation. 
Colony formation assays demonstrated that MICAL2 
knockdown inhibited the proliferation of cervical 
carcinoma cells and increased their radiosensitivity 
(Fig. 5B). In the comet assay, a significant elongation of 

Fig. 2 MICAL2 promotes the growth and survival of cervical cancer cells in vitro, associated with apoptosis inhibition and activation of the MAPK 
and PI3K/AKT signaling pathways. A WB analysis was used to assess MICAL2 expression in Siha and Hela cells transfected with MICAL2-specific 
siRNAs (si-MICAL2-1 and si-MICAL2-2). B Colony formation assays were performed on Hela and Siha cells transfected with MICAL2 siRNA 
or non-specific control siRNA, with colonies greater than 50 μm counted after 14 days. C Cell viability of Hela and Siha cells was measured 
using the MTT assay following MICAL2 knockout. D WB analysis of proteins involved in the MAPK and PI3K/AKT pathways was conducted 48 h 
after transfection with MICAL2 siRNA or control siRNA. E AO/EB fluorescence staining was used to detect apoptotic cells in Siha and Hela cells 
transfected with MICAL2-specific siRNAs. F WB analysis assessed the effects of MICAL2 siRNA (siRNA1, siRNA2) on apoptosis-related proteins Bcl-2, 
Bax, cleaved caspase-9 (Cl-casp-9), and cleaved PARP (Cl-PARP) in Siha and Hela cell lines. G–I Following transfection with a MICAL2 overexpression 
plasmid, WB, colony formation assays, and MTT assays were conducted to confirm MICAL2 protein overexpression in Siha cells and assess 
the number of cell colonies and cell viability. J WB analysis was used to verify the effects of MICAL2 overexpression on MAPK and PI3K/AKT pathway 
proteins in Siha cells. K–L AO/EB staining and WB analysis was performed to detect apoptotic cells and apoptosis-related proteins (Bcl-2, Bax, 
Cl-casp-9, Cl-PARP) in MICAL2-overexpressing Siha cells, respectively. Data are presented as the mean ± standard deviation from three independent 
experiments, with statistical significance indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group

(See figure on next page.)
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comet tails was observed in the MICAL2 knockdown 
cells (Fig. 5C), indicating greater double-stranded DNA 
damage and reduced DNA repair capacity following 
irradiation (Fig.  5D). These results were corroborated 

by increased activation of the DNA damage marker 
γ-H2AX and reduced expression of the DNA repair 
protein Rad51 in the MICAL2 knockdown group 
(Fig. 5D).

Fig. 3 MICAL2 enhances the migration and invasion of cervical cancer cells, with involvement of EMT signaling. A Hela and Siha cells transfected 
with MICAL2 siRNA1 or siRNA2 seeded in chambers coated with a diluted Matrigel matrix. The invasive cells were stained and imaged 
at 40 × magnification, with quantitative analysis of the invading cells presented in the histogram. B Cell migration assessed using a wound-healing 
assay. Hela and Siha cells were plated in 6-well plates, scratched with a 100 μL pipette tip, and cultured for 48 h before photographic recording. The 
histogram reveals the calculated cell mobility. C WB analysis used to measure the expression levels of vimentin, MMP-9, E-cadherin, N-cadherin, 
and Snail in Hela and Siha cells. D, E The invasion and migration abilities of Siha cells transfected with a MICAL2 overexpression plasmid assessed 
by transwell assay and wound-healing assay (× 40). F The impact of MICAL2 overexpression on the protein levels of vimentin, MMP-9, E-cadherin, 
N-cadherin, and Snail in the Siha cervical cancer cell line assessed by WB. Data are presented as the mean ± standard deviation. Statistical 
significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group
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Fig. 4 MICAL2 enhances stem cell-like properties and tumor formation in cervical cancer cells. A The impact of MICAL2 knockdown on stemness 
assessed using a spheroid formation assay. Cells with MICAL2 knockdown produced significantly smaller spheroids compared to controls, indicating 
a reduced spheroidization capability. B WB analysis employed to assess the expression levels of stemness-related proteins CD44, CD133, and Nanog 
in Hela and Siha cells following MICAL2 knockdown. C Stable overexpression of MICAL2 in Siha cells verified by WB after transfection with either a 
non-specific control LacZ plasmid or a MICAL2 overexpressing plasmid (OE). D, E The stemness of Siha cells transfected with the MICAL2 
overexpressing plasmid assessed by spheroid formation assay and WB analysis of stemness-related proteins (CD44, CD133, and Nanog). F Tumor 
cells from the LacZ control group and the MICAL2 overexpression group implanted into the right axilla of female nude mice. Xenografts were 
collected 15 days post-implantation, and images of the tumor tissues from both groups were captured. G Volume and weight of xenografts in nude 
mice (n = 8) measured and compared. H, I WB and immunohistochemical analysis performed to detect the expression of key proteins Ki67, CD133, 
and P110α in the xenografts. Data are presented as the mean ± standard deviation. Statistical significance is indicated as *p < 0.05, **p < 0.01, 
and ***p < 0.001 compared to the control group
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Subsequently, Siha and Hela cells with stable 
MICAL2 knockdown were placed in 6 cm Petri dishes 
and subjected to varying doses of X-ray irradiation (0 
Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy) to assess their potential to 
form clones. A survival curve was plotted based on 
colony counts (Fig.  5E), revealing a dose-dependent 
decrease in cell survival in the MICAL2 knockdown 
group. Conversely, when MICAL2 was overexpressed 
(Fig.  5F), the opposite effect was observed in the col-
ony formation assay (Fig.  5G), comet assay (Fig.  5H), 
and in the protein expression levels of γ-H2AX and 
Rad51 (Fig.  5I). These findings indicate that MICAL2 
enhances radiosensitivity in cervical cancer cells by 
interfering with DNA damage and repair mechanisms.

To further validate the role of MICAL2 in radiore-
sistant cervical cancer, radiotherapy-resistant SiHa 
and HeLa cell lines (RRSiHa and RRHeLa) were estab-
lished. Parental cells were subjected to daily X-ray 
irradiation at 2 Gy per session for 15 consecutive 
days, totaling 30 Gy. Surviving cells were collected and 
confirmed to exhibit radiotherapy resistance. RNA 
sequencing and immunoblot analyses showed signifi-
cantly elevated MICAL2 expression in RRSiHa and 
RRHeLa cells compared to their non-resistant coun-
terparts (Fig.  5J). Stable knockdown of MICAL2 was 
subsequently performed in these radiotherapy-resist-
ant cells using lentiviral shRNA (Fig. 5K). Following 4 
Gy X-ray irradiation, MICAL2 knockdown in RRSiHa 
and RRHeLa cells resulted in a marked reduction in 
proliferation (Fig. 5L), elongated comet tails (Fig. 5M), 
increased γ-H2AX expression, and decreased Rad51 
expression (Fig. 5N).

Collectively, these findings indicate that MICAL2 
modulates DNA damage and repair mechanisms, 
thereby reducing radiosensitivity in cervical can-
cer cells, including those with acquired resistance to 
radiotherapy.

MICAL2 knockdown inhibits cervical cancer progression 
in a mouse model
An in vivo xenograft experiment was conducted to inves-
tigate the role of MICAL2 in modulating radiosensitiv-
ity in cervical cancer. RRSiHa cells with stable MICAL2 
knockdown and control cells were subcutaneously 
implanted into the axillary region of nude mice. The mice 
were assigned to four groups: the radiotherapy-resist-
ant cervical cancer RRSiHa control group (RR + NC), 
the RRSiHa group with stable MICAL2 knockdown 
(RR + Sh1), the RRSiHa control group subjected to ioniz-
ing radiation (RR + NC + IR), and the RRSiHa group with 
stable MICAL2 knockdown subjected to radiotherapy 
(RR + Sh1 + IR). Mice in the radiotherapy groups received 
ionizing radiation at a dose of 2 Gy on days 5, 7, 9, 11, 13, 
and 15 after tumor implantation. Tumor size was moni-
tored throughout the experiment (Fig. 6A).

On day 17, the mice were euthanized, and the xeno-
graft tumors were excised for measurements of tumor 
size and weight (Fig. 6B and C). Consistent with in vitro 
findings, WB and IHC analyses revealed that MICAL2 
knockdown increased the expression of the DNA damage 
marker γ-H2AX and reduced the expression of Rad51 in 
xenograft tumors (Fig.  6D and E). These results further 
highlight the critical role of MICAL2 in cervical cancer 
progression. By increasing susceptibility to DNA dam-
age and enhancing radiosensitivity, MICAL2 knockdown 
demonstrates a potential therapeutic strategy for improv-
ing the efficacy of radiotherapy in cervical cancer.

High MICAL2 expression correlates with poor clinical 
response to radiotherapy in patients with cervical cancer
This study examined the relationship between MICAL2 
expression and radiosensitivity in cervical cancer by 
recruiting 62 patients diagnosed with the disease. All 
participants received standard concurrent chemoradio-
therapy, and treatment efficacy was evaluated by at least 
two attending physicians using established criteria for the 

(See figure on next page.)
Fig. 5 MICAL2 reduces both the DNA damage and the radiosensitivity of cervical cancer cells exposed to irradiation. A Cervical cancer Siha 
and Hela cell lines with stable MICAL2 knockdown established using MICAL2 lentiviral particles shRNA1 and shRNA2, with successful knockdown 
confirmed using WB analysis. B A colony formation assay conducted to assess the proliferation ability of Siha and Hela cells in both control 
and MICAL2 knockdown groups following 4 Gy X-ray irradiation. C, D Following MICAL2 shRNA transfection and 4 Gy X-ray exposure, cells were 
collected 6 h post-irradiation. DNA damage assessed using the comet assay, and expression levels of DNA damage marker (γ-H2AX) and repair 
protein (Rad51) analyzed using WB. E MICAL2 shRNA-treated Hela and Siha cells exposed to varying doses of X-rays (0, 2, 4, 6, and 8 Gy) for 48 h, 
and clonogenic survival curves generated. F MICAL2 overexpression in cervical cancer Siha cells achieved through MICAL2 plasmid transfection 
and confirmed using WB. G–I The effects of MICAL2 overexpression on cell proliferation, DNA damage, γ-H2AX, and Rad51 expression in Siha cells 
exposed to 4 Gy X-ray irradiation assessed using colony formation assays, comet assays, and WB. J Siha and Hela cells subjected to continuous 
low-dose X-ray irradiation (2 Gy/day for 15 days, totaling 30 Gy) to generate radioresistant cell lines (RRSiha and RRHeLa). MICAL2 expression 
assessed in both parental and radioresistant cells using WB. K Stable MICAL2 knockdown in RRSiha and RRHeLa cells was confirmed using WB. 
L–N The proliferation, DNA damage, and expression levels of γ-H2AX and Rad51 in RRSiha and RRHeLa cells with and without MICAL2 knockdown, 
following 4 Gy X-ray irradiation for 12 h, assessed using colony formation assays, comet assays, and WB. Data are presented as the mean ± standard 
deviation. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control group
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assessment of solid tumors. Six months post-radiother-
apy, treatment responses were categorized as follows: 38 
patients achieved a complete response (CR), 17 exhibited 
a partial response (PR), and 7 experienced stable disease 
(SD) or progressive disease (PD) (Fig. 7A).

IHC was employed to measure MICAL2 expression 
levels in tumor tissues. Analysis of clinical data, imaging, 
and IHC results (Fig. 7B) revealed that patients with high 
MICAL2 expression displayed limited tumor volume 
reduction, whereas those with low MICAL2 expression 
demonstrated significant tumor shrinkage or complete 
remission. These findings suggest that elevated MICAL2 
expression is associated with poorer clinical responses to 
radiation therapy, and this association was positively cor-
related with the FIGO stage (Table 1).

Progression-free survival (PFS) and overall survival 
(OS) were also analyzed. Patients with low MICAL2 
expression exhibited significantly longer PFS and 
improved tumor control. However, differences in OS 
between the groups did not reach statistical significance, 
potentially due to the small cohort size and limited dura-
tion of follow-up (Fig. 7C).

These results indicate that MICAL2 expression serves 
as a predictive biomarker for radiosensitivity in cervical 
cancer.

Discussion
This study identifies several critical findings regarding 
the role of MICAL2 in cervical cancer: (1) MICAL2 is 
a promising therapeutic target, with its high expression 
correlating with tumor progression and resistance to 
radiotherapy. (2) MICAL2 influences tumor biological 
behavior through the activation of the MAPK and PI3K/
AKT signaling pathways, facilitating the proliferation, 
migration, and invasion of cervical cancer cells. (3) High 
MICAL2 expression is associated with inferior responses 
to radiotherapy in patients with cervical cancer, 

Fig. 6 MICAL2 knockdown impedes cervical cancer progression 
in a mouse model. Four types of cells used for subcutaneous 
implantation into nude mice: radiotherapy-resistant cervical 
cancer RRSiha cells (RR + NC), RRSiha cells with stable MICAL2 
knockdown (RR + Sh1), RRSiha cells subjected to ionizing radiation 
(RR + NC + IR), and RRSiha cells with stable MICAL2 knockdown 
receiving radiotherapy (RR + Sh1 + IR). Xenograft tumors harvested 
15 days post-treatment. A, B Tumor size measurements and images 
of xenografts are provided for each group (n = 5). C Tumor weight 
and volume comparisons across the different treatment groups. 
D, E WB and immunohistochemical analyses performed to assess 
the expression of γ-H2AX and Rad51 in xenograft tissues (n = 3). 
Data are expressed as the mean ± standard deviation. Statistical 
significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 
compared to the control group

◂
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highlighting its potential utility as a predictive biomarker 
for treatment outcomes.

Concurrent chemoradiotherapy is currently the stand-
ard treatment for locally advanced cervical cancer. How-
ever, radiation resistance remains a significant factor in 
tumor recurrence, with OS rates ranging from 60 to 65% 
for stage IIB to 25 to 50% for stages III–IV cervical cancer 
[36, 37]. As such, elucidating the mechanisms of radia-
tion resistance and identifying potential therapeutic tar-
gets is of critical importance.

This study demonstrates that MICAL2 contributes to 
cervical cancer progression and reduces radiosensitivity 

in cancer cells. Additionally, MICAL2 expression was 
found to be positively correlated with the FIGO stage 
of cervical cancer and inversely associated with both 
local tumor control and PFS. These findings suggest that 
targeting MICAL2 could be a promising strategy for 
developing novel therapeutic interventions to enhance 
treatment efficacy and overcome radiation resistance in 
cervical cancer.

The MICAL family consists of proteins character-
ized by several conserved domains: an N-terminal fla-
vin monooxygenase (MO) domain, Lin11, Isl-1, and 
Mec-3 (LIM) domains, a calmodulin homologous (CH) 

Fig. 7 Patients with cervical cancer having high MICAL2 expression exhibited poor clinical response to radiotherapy. A Among the 62 patients 
with cervical cancer who underwent radiotherapy, 38 patients achieved a complete response (CR), 17 patients had a partial response (PR), and 7 
patients either had stable disease (SD) or experienced disease progression (PD) six months post-radiotherapy. B MICAL2 expression levels in cervical 
cancer tissues from 2 cases with CR and 1 case with SD, along with their corresponding MRI images (transverse and median sagittal sections) 
taken before and after radiotherapy. C Kaplan–Meier survival analysis with log-rank test used to assess disease-free progression (DFS) in patients 
with cervical cancer based on different MICAL2 expression levels (n = 62)
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domain, and a C-terminal coil (CC) domain. Together, 
these domains contribute to an auto-inhibitory mecha-
nism that limits the production of reactive oxygen spe-
cies (ROS) [38]. The family includes Drosophila Mical 
and three vertebrate members: MICAL-1, MICAL-2, and 
MICAL-3 [39]. Among these, MICAL2 is unique due to 
its lack of a CC domain, enabling ROS production via 
its MO domain without autoinhibitory regulation. This 
property allows MICAL2 to regulate cytoskeletal dynam-
ics and ROS generation [38, 40].

MICAL2 has been identified as a tumor promoter 
in various cancers, including prostate [31], breast [33], 
stomach [41], and colon cancer [42]. It is frequently over-
expressed in aggressive, poorly differentiated epithelial 
carcinomas and in cancer-associated neoangiogenic 
endothelial cells, underscoring its role in tumor pro-
gression [43]. Recent studies have shown that MICAL2 
enhances the proliferation, migration, invasion, and EMT 
of lung adenocarcinoma cells via the AKT and myo-
sin-9 pathways [28] Furthermore, it has been associated 
with increased chemoresistance and higher mortality 
in patients with endometrial cancer [44]. Although the 
precise mechanisms through which MICAL2 promotes 

cancer cell invasion and proliferation remain incom-
pletely understood, it has been shown to activate ERK1/2 
signaling to facilitate vascular smooth muscle cell growth 
[45]. In breast cancer, MICAL2 stabilizes EGFR and acti-
vates EGFR/P38 signaling, enhancing cell migration [33, 
46].

MICAL2 also utilizes NADPH to generate ROS through 
its MO domain, activating pathways such as Wnt/β-
catenin and Sema/Plexin, which further drive EMT in 
tumor cells [24]. This study confirms that MICAL2 is sig-
nificantly expressed in cervical cancer cell lines and tis-
sues. Both in vitro and in vivo experiments demonstrate 
that MICAL2 promotes cervical cancer cell proliferation 
through the MAPK and PI3K/AKT signaling pathways. 
These findings position MICAL2 as a potential therapeu-
tic target in the development and progression of cervical 
cancer.

Irradiation resistance in tumor cells emerges from a 
combination of selective cell death and mutational events 
induced by radiotherapy. Differences in the intracellular 
environments of distinct cell subsets, or even within the 
same subpopulation, contribute to the persistence and 
proliferation of irradiation-tolerant cells following the 
elimination of radiosensitive cells. Additionally, irradia-
tion can induce mutations in tumor cells, leading to the 
development of a radioresistant phenotype that can be 
inherited by subsequent generations [47]. Several fac-
tors influence radiotherapy sensitivity, including tumor 
heterogeneity [48], the tumor microenvironment [49], 
the immune system [50], and metabolic status [51, 52]. 
Consequently, radiotherapy resistance in cervical cancer 
is a multifaceted process involving multiple pathways and 
mechanisms. These mechanisms include enhanced DNA 
repair, cell cycle arrest, hypoxia responses, increased cell 
proliferation, inhibition of apoptosis, and autophagy [53].

Ionizing radiation primarily exerts its effects by induc-
ing DNA damage, including double-strand DNA breaks 
(DSBs), single-strand DNA breaks (SSBs), and DNA 
crosslinking, with DSBs being the most lethal form of 
DNA damage [54, 55]. One critical component of the 
DNA damage response is the phosphorylation of  H2AX, 
a histone variant, at sites of DSBs, resulting in the forma-
tion of γ-H2AX.

The level of γ-H2AX is directly proportional to the 
number of DSBs caused by radiation therapy, making 
it a widely accepted marker for assessing DSBs [56, 57]. 
Inadequate DNA repair following radiation-induced 
damage leads to increased cell death and heightened 
radiosensitivity.

DNA repair occurs through several mechanisms, 
including homologous recombination (HR), nucleotide 
and base excision repair (BER), non-homologous end 
joining (NHEJ), and telomere metabolism. Among these, 

Table 1 Correlation analysis of MICAL2 protein expression with 
clinicopathological variables was conducted in a group of 62 
patients with cervical cancer

* P < 0.05

The results indicate that MICAL2 expression is significantly associated with 
clinical pathology (*P < 0.05). Specifically, high MICAL2 expression was observed 
in 23 cases, representing 37.1% of the total sample. Pearson’s chi-square test 
revealed a significant correlation between elevated MICAL2 expression and both 
the local control rate and FIGO staging (P < 0.05), indicating that MICAL2 may 
play a key role in disease progression and treatment outcomes in cervical cancer

Character MICAL2 P value

High (%) Low (%)

Age

 ≤ 60
 > 60

13 (56.5) 22 (56.4) 0.993

10 (43.5) 17 (43.6)

Local control

CR 9 (39.1) 29 (74.4) 0.006*

NCR 14 (60.9) 10 (25.6)

FIGO stage

I 1 (4.3) 12 (30.8)

II 6 (26.1) 6 (15.4) 0.039*

III 16 (69.6) 21 (53.8)

N stage

N0 13 (56.5) 25 (64.1) 0.554

N + 10 (43.5) 14 (35.9)

Differentiation

Middle 5 (21.7) 8 (20.5)

Low 8 (34.8) 15 (38.5) 1.000

Unknown 10 (43.5) 16 (41.0)
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HR and BER are particularly critical for repairing radia-
tion-induced DNA damage. HR is the primary pathway 
for repairing DSBs, while BER is essential for repairing 
SSBs [58]. RAD51 plays a central role in HR by mediat-
ing the repair of DSBs caused by ionizing radiation and 
alkylating agents [59].

RAD51 is overexpressed in a range of malignancies, 
including breast, prostate, bladder, and lung cancers, 
as well as soft tissue sarcomas [60]. This overexpres-
sion enhances HR efficiency, thereby contributing to 
increased resistance to chemoradiotherapy in tumor 
cells. Furthermore, elevated RAD51 expression has been 
identified as an independent predictor of tumor progres-
sion and recurrence [61].

In the present study, high expression levels of MICAL2 
were observed in irradiation-tolerant cervical cancer 
cells. Notably, MICAL2 knockdown led to a signifi-
cant increase in the DNA damage marker γ-H2AX and 
a reduction in the DNA repair protein RAD51 follow-
ing radiotherapy. This heightened level of DNA damage 
resulted in enhanced radiosensitivity of cervical cancer 
cells, suggesting that MICAL2 influences the DNA dam-
age response and repair mechanisms critical to tumor 
resistance to radiotherapy.

There is a growing body of research on gene therapy for 
tumors; however, the clinical translation of many basic 
studies remains challenging. Gene therapy technolo-
gies for cancer aim to halt tumor growth by introducing 
transgenes into tumor cells, but significant barriers to 
clinical application persist.

Small interfering RNAs (siRNAs) have emerged as 
promising tools in precision medicine for cancer. Unlike 
traditional small molecule drugs, which are limited to 
targeting specific protein classes, siRNAs can down-
regulate the expression of nearly any gene and its corre-
sponding mRNA transcripts, offering broad therapeutic 
potential [62]. Despite this, unmodified siRNAs face sys-
temic delivery challenges, including poor stability in 
circulation, suboptimal pharmacokinetics, and limited 
biodistribution [63].

Viral vectors are commonly used to deliver genes to 
target cells due to their high transfection efficiency. How-
ever, their clinical use is constrained by significant safety 
risks, such as eliciting strong host immune responses, 
inflammation, viral reactivation, and even potential dis-
ease transmission [64]. To address these limitations, 
the development of non-viral vectors has gained atten-
tion. Non-viral gene delivery methods focus on reducing 
immune responses and enhancing safety profiles, offering 
a potentially viable alternative to viral-driven approaches 
for clinical gene therapy.

Nanotechnology is increasingly recognized as a viable 
solution to the challenges associated with gene and drug 

delivery in cancer therapy. By targeting cancer cells with 
precision, nanotechnology facilitates drug delivery to 
specific locations, minimizing off-target effects and max-
imizing therapeutic efficacy [65]. For instance, Jere et al. 
successfully utilized a biodegradable nanopolymer car-
rier loaded with AKT1 siRNA, effectively silencing the 
AKT1 protein, which led to reduced cancer cell survival, 
proliferation, malignancy, and metastasis [66].

Several nanomedicines have already been approved for 
anticancer therapy, including Genexol-PM® (a polymeric 
micellar formulation), Doxil® (liposomal doxorubicin), 
and Myocet™ (non-pegylated liposomal doxorubicin) 
[67]. Among the various applications of nanotechnology 
in medicine, nanoparticles (NPs) play a crucial role in 
improving drug delivery and enhancing the effectiveness 
of cancer treatment.

Actively targeted nanoparticles are particularly effec-
tive at infiltrating tumors and entering malignant cells 
[68, 69]. These nanoparticles are often conjugated with 
molecules targeting tumor-specific surface antigens, such 
as proteins (e.g., antibodies) [70, 71], aptamers [72], pep-
tides [73], and polysaccharides [74]. Another emerging 
approach involves the use of external magnetic guidance 
to direct metal nanoparticles, promoting preferential 
tumor extravasation [75].

Metal NPs have shown significant promise in enhanc-
ing the effectiveness of radiation therapy for cancer 
treatment. When delivered to tumor sites, NPs improve 
radiosensitivity by selectively absorbing and scattering 
high-energy radiation. This enhances radiation therapy 
uptake efficiency in tumor regions, increases localized 
damage to tumor cells, and minimizes off-target effects 
on surrounding healthy tissues [76].

Among metal nanoparticles, silver nanoparticles (Ag-
NPs) are particularly notable for their medical appli-
cations. Ag-NPs have been demonstrated to induce 
oxidative stress, DNA damage, apoptotic cell death, and 
cytokine production [77, 78].

However, conventional methods of synthesizing metal 
nanoparticles often face significant challenges, includ-
ing high costs, toxic byproducts, and environmental 
concerns. To address these issues, green synthesis tech-
nologies have emerged as a sustainable alternative. Green 
synthetic methods use biological sources, such as plant-
derived materials, to produce environmentally friendly 
nanoparticles. For example, pumpkin-derived Ag-NPs 
offer a promising, natural approach to synthesizing stable 
and effective metal nanoparticles [76]. The development 
of green synthetic methods has garnered considerable 
attention in cancer therapy.

Furthermore, MICAL2 expression levels were found 
to be inversely correlated with radiotherapy response 
and positively correlated with the FIGO stage in clinical 
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patients with cervical cancer. These findings suggest that 
MICAL2 may serve as a novel target for enhancing radia-
tion sensitivity in cervical carcinoma, although further 
validation in larger patient cohorts is necessary to estab-
lish its clinical relevance.

The implications of this study for biomedical applica-
tions are primarily reflected in two key aspects:

Development of MICAL2-targeted strategies: The 
identification of high MICAL2 expression in cervical 
cancer and its critical role in tumor progression and radi-
otherapy resistance provides a robust scientific founda-
tion for developing targeted therapeutic strategies. These 
strategies could facilitate precision therapy, particularly 
for patients who exhibit poor responses to conventional 
radiotherapy.

MICAL2 as a predictive biomarker: The strong associa-
tion between MICAL2 expression levels and radiother-
apy sensitivity highlights its potential as a biomarker for 
predicting treatment outcomes. By assessing MICAL2 
levels, clinicians could tailor treatment plans, improv-
ing therapeutic efficacy. Additionally, reducing MICAL2 
expression or inhibiting its function may enhance the 
radiosensitivity of cervical cancer cells, ultimately 
improving patient outcomes.

Conclusion
This study underscores, for the first time, the pivotal role 
of MICAL2 in the initiation and progression of cervical 
cancer, while also elucidating its impact on the radiosen-
sitivity of cervical cancer cells. These findings provide a 
novel perspective on cervical cancer pathogenesis and 
therapeutic resistance, offering a theoretical foundation 
for the development of more effective, targeted treatment 
strategies.
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