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Abstract: Considering the limited research and the prevailing evidence of STAT4’s tumor-suppressing role in breast 
carcinoma (BC) or in breast radiotherapy (RT) sensitivity requires more in-depth exploration. Our study delves into 
how STAT4, a transcription factor, affects BC cell resistance to radiotherapy by regulating the MALAT1/miR-21-5p/
THRB axis. Bioinformatics analysis was performed to predict the regulatory mechanisms associated with STAT4 in 
BC. Subsequently, we identified the expression profiles of STAT4, MALAT1, miR-21-5p, and THRB in various tissues 
and cell lines, exploring their interactions and impact on RT resistance in BC cells. Moreover, animal models were 
established with X-ray irradiation for further validation. We discovered that STAT4, which is found to be minimally 
expressed in breast carcinoma (BC) tissues and cell lines, has been associated with a poorer prognosis. In vitro cel-
lular assays indicated that STAT4 could mitigate radiotherapy resistance in BC cells by transcriptional activation of 
MALAT1. Additionally, MALAT1 up-regulated THRB expression by adsorbing miR-21-5p. As demonstrated in vitro and 
in vivo, overexpressing STAT4 inhibited miR-21-5p and enhanced THRB levels through transcriptional activation of 
MALAT1, which ultimately contributes to the reversal of radiotherapy resistance in BC cells and the suppression of 
tumor formation in nude mice. Collectively, STAT4 could inhibit miR-21-5p and up-regulate THRB expression through 
transcriptional activation of MALAT1, thereby mitigating BC cell resistance to radiotherapy and ultimately preventing 
BC development and progression.

Keywords: Breast carcinoma, radiotherapy resistance, transcription factor, STAT4, long non-coding RNA, MALAT1, 
microRNA-21-5p, THRB

Introduction

Breast carcinoma (BC), one of the most perva-
sive malignancies, afflicts over 2 million new 
cases worldwide yearly with a higher preva-
lence in developed countries. In the United 
States, BC is the most frequently diagnosed 
tumor in women, ranking 2rd leading cause of 
cancer-related mortality among women [1, 2]. 
Traditional BC diagnosis includes imaging, 
pathology and molecular markers such as ER 
and HER2. Research is expanding into novel 
diagnostic tools, such as new molecular mark-
ers, including miRNAs in situ and in plasma, 
and tumor stem cell expression profiles [3, 4]. 
Traditional treatments include surgery and 
radiotherapy treatment, but the medical field 

has advanced to embrace new therapies includ-
ing newer versions of old drugs (e.g. mTOR 
inhibitors) and fractionated chemotherapy (i.e. 
continuous, regular and low-dose chemothera-
py for cancer patients) [5].

STAT4, known as signal transduction transcrip-
tion activator 4, is a transcriptional activator 
that enters the nucleus of cells to promote gene 
transcription. In humans, STAT4 is a key immune 
regulator involved in the transcription of various 
immune cytokines, such as IL-12 and IFN-I [6, 
7]. Reports have linked abnormal STAT4 expres-
sion to the progression of diseases like system-
ic lupus erythematosus and hepatocellular car-
cinoma [8]. However, the correlation between 
STAT4 and BC progression is underexplored, 
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with limited reports suggesting that STAT4 is 
lowly expressed in BC tissues and high STAT4 
level may correlate with improved outcome  
[9, 10]. Meanwhile, STAT family constitute cel-
lular differentiation, development, proliferation, 
apoptosis, inflammation, and other biological 
functions after being activated by specific cyto-
kines [11]. Among the members, the inhibition 
of STAT1 was found to sensitize renal cell carci-
noma cell lines to radiotherapy and chemother-
apy, while STAT3 has been shown to be involved 
in resistance to radiotherapy [12, 13]. Given 
the structural and sequence similarities of 
STAT4 and STAT3, STAT4 has the potential for  
a similar effect on radiotherapy resistance in 
BC, but has not yet been established in the 
research.

MALAT1, dysregulated in a variety of tumors 
[14], is a long-stranded non-coding ribose 
nucleic acid (RNA) that primarily exerts its func-
tion through regulating the subcellular localiza-
tion of transcription factors, acting both as a cis 
and trans element in transcription and post-
transcriptional modification, and serving as a 
miRNAs sponge [15, 16]. It plays a significant 
role in BC, as Kim et al. report that MALAT1 
knockdown promotes BC metastasis. This indi-
cates that MALAT1 is a lncRNA that inhibits BC 
metastasis [17].

miR-21-5p, a microRNA (miRNA), represses the 
expression of its downstream target genes by 
preventing their binding to the 3’ untranslated 
region (UTR) sequence [18]. According to re- 
ports, miR-21-5p presents abnormal expres-
sion in BC [19], and its up-regulation can act as 
a molecular marker for BC metastasis [20]. 
Given the high miR-21 expression in plasma 
exosomes, it is possible to diagnose BC by 
measuring miR-21 levels in exosomes [21]. 
miR-211 is not only involved in BC development 
but is also closely related to its chemoresis-
tance [22].

THRB, thyroid hormone receptor beta, is the 
thyroid hormone receptor and plays a vital part 
in the physiological function of thyroid hor-
mones. As thyroid hormones are closely related 
to neurodevelopment, this regulation of this 
gene also affects brain development and func-
tion [23]. In addition, THRB promotes stem cell 
differentiation into hepatocytes [24], and its 
deletion has been linked to various cancers 
[25]. THRB heterozygous deletion has been 
strongly associated with the development of 

invasive BC [26], and other research has also 
indicated that mutations in THRB are more like-
ly to contribute to the development of BC [27].

Building on the evidence gathered, we hypoth-
esized that STAT4 may affect BC radiotherapy 
resistance and set out to explore its mecha-
nism of action through a series of experiments. 
This work aims to reveal the role of STAT4/
MALAT1/miR-21-5p/THRB axis in BC radiother-
apy resistance and the specific molecular 
mechanisms. The insights from this study have 
the potential to inspire fresh avenues in both 
basic and clinical research on BC, identify novel 
targets for clinical treatment interventions, and 
ultimately enhance the therapeutic outcomes 
and prognosis for patients with BC.

Materials and methods

Sampling

We included sixty-six patients aged between 
40 and 69 years (48.67 ± 6.38), all of whom 
underwent surgical treatment in our hospital 
from December 2020 to January 2021 and  
had postoperative pathologically confirmed BC. 
These patients did not receive any preoperative 
treatment including radiotherapy and chemo-
therapy. During the procedure, we obtained 
cancer tissue specimens from the non-necrotic 
bleeding area in the tumor center and paracan-
cer tissue specimens from the normal area of 
the distal 2 cm, and refrigerated them at -80°C 
for later gene and protein expression analysis 
[28]. In addition, patient basic data was col-
lected from medical records. All cases under-
went follow-ups for detailed information on 
post-treatment and clinical outcomes and 
improving their clinical profiles. The correlation 
of overall survival (OS) with gene expression 
was visualized by Kaplan-Meier (KM) curves. 
Analyses of the relationships between gene 
expression profiles employed Pearson correla-
tion coefficients. All cases in this study were 
discussed and ratified by our medical ethics 
committee, and informed consent for the study 
was obtained. The guidelines specified in the 
Declaration of Helsinki were followed during 
the research.

Bioinformatics analysis

Gene differential analysis was performed on 
BC samples from the TCGA database by the 
bioinformatics tool GEPIA (http://gepia2.can-
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cer-pku.cn/#index), setting p-value < 0.01 and 
|logFC| > 1 as the differentially expressed gene 
(DEG) screening threshold. DEGs (lncRNAs) 
were selected for further analysis, and the  
co-expression correlation of Sp1 with DEGs in 
BC was identified using Chipbase v2.0 (URL: 
http://rna.sysu.edu.cn/chipbase/). To predict 
the downstream regulators of LncRNAs, we 
used StarBase (URL: https://starbase.sysu.
edu.cn/) and LncBase (URL: https://diana.e-ce.
uth.gr/lncbasev3/home) to predict their down-
stream miRNAs. We also employed the 
GeneCards database (URL: https://www.gene-
cards.org/) to identify BC-related genes and 
screen out their miRNAs. We used the Sanger- 
box website (URL: http://vip.sangerbox.com/
home.html) to take the predicted miRNAs and 
BC intersection of predicted and relevant miR-
NAs. Further, miRDB (URL: https://mirdb.org/
mirdb/index.html), mirT-CDS (URL: https://dia- 
nalab.e-ce.uth.gr/html/dianauniverse/index.
php?r=MicroT_CDS/index), mirDIP (URL: http://
ophid.utoronto.ca/mirDIP/) and StarBase were 
made use of to predict the miRNAs’ target 
genes, using the Sangerbox website to take the 
intersections and to predict the binding sites of 
the miRNAs to the mRNAs.

Real-time fluorescent quantitative PCR (RT-
qPCR)

Total tissue and cellular RNA was isolated using 
the TRIzol (Invitrogen, Calsbad, CA, USA) meth-
od, and its concentration and purity were 
assessed with a nanodrop2000 micro UV spec-
trophotometer (1011U, Nanodrop, USA). The 
conversion of mRNA to cDNA was facilitated by 
a reverse transcription kit (RR047A) purchased 
from Takara, Japan. miRNAs were measured 
using a PolyA plus tailing assay kit (B532451, 
Biotech, China) for cDNA synthesis. Primer 
design and synthesis for STAT4, MALAT1, miR-
21-5p and THRB were also courtesy of Takara. 
RT-qPCR was conducted using the TaqMan 
Multiplex RT-qPCR Solution (4461882, Thermo, 
USA) and an ABI7500 qPCR instrument (7500, 
ABI, USA), as following reaction conditions: 
95°C pre-denaturation (10 min), 95°C denatur-
ation (10 s), 60°C annealing (20 s), and 72°C 
extension (34 s) for 40 cycles, and analysis of 
PCR product melting curves by 65°C-95°C. The 
relative expression levels of the target genes, 
normalized to GAPDH and U6, were quantified 
utilizing the 2-ΔΔCT [29].

Western blot (WB)

Tissues or cells from each group were lysed on 
ice for 10 minutes with a phenylmethanesulfo-
nyl fluoride (PMSF)-enhanced radioimmunopre-
cipitation assay (RIPA) lysate (P0013B, Beyo- 
time, China), followed by high-speed centrifuga-
tion for supernatant collection (14,000 rpm, 
4°C). Protein concentrations were then deter-
mined using a BCA protein assay (ST2222, 
Beyotime, China). For immunoblotting, proteins 
were incubated with primary antibody overnight 
at 4°C and rinsed with PBST at an ambient  
temperature, following by room temperature 
incubation with secondary antibody (1 h). After 
culturing with ECL reaction solution (Thermo 
Fisher, USA), the immunoreactive proteins were 
visualized at room temperature. The protein 
blot images relative to GAPDH were analyzed 
using ImageJ2x [30]. The following antibodies 
were used in WB experiments: STAT4 (2653S, 
1:1,000, Cell Signaling Technology, USA), 
GAPDH (ab9485, 1:1,000, Abcam, USA), horse-
radish peroxidase (HRP)-labelled rabbit IgG (sc-
2357, 1:1,000, Santa Cruz, USA).

Cell screening, cultivation, and lentivirus trans-
fection

Human BC SKBR3 (Item No. HTB-30), MDA-
MB-231 (Item No. CRM-HTB-26), MCF-7 (Item 
No. CRL-3435), and MDA-MB-468 (Item No. 
HTB-132) cells, as well as normal MCF-10A 
mammary epithelial cells (Item No. CRL-10317) 
were purchased from ATCC (USA). The MCF-10A 
cell line, a control, was placed in Dulbecco’s 
Modified Eagle’s Medium (DMEM) and Ham’s 
F12 medium (F12) (Gibco, USA) with 5% horse 
serum (Gibco, USA), 20 ng/mL epidermal 
growth factor (PeproTech, USA), 100 ng/mL 
cholera toxin (Sigma-Aldrich, USA), 10 μg/mL 
insulin (Sigma-Aldrich, USA), and 500 ng/mL 
hydrocortisone (Sigma-Aldrich, USA) for incuba-
tion, with 5% CO2 in air and the temperature 
controlled at 37°C. A radiotherapy-resistant 
cell line of human BC cells was established 
using an X-ray gradient irradiation method: BC 
cells were immersed in 10% fetal bovine serum-
supplemented RPMI-1640 based on 5% CO2 
(v/v) in a humidified incubator. After the BC 
cells had reached 50-60% density, the BC cells 
were irradiated with 2 Gy X-rays (dose-rate: 2.5 
Gy/min) by using a Varian-6/100 linear accel-
erator purchased from Varian Medical Systems, 
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Inc., from Palo Alto, CA, USA. The culture solu-
tion was then changed to 10% fetal bovine 
serum-supplemented RPMI-1640, which was 
renewed every two days. The culture was per-
formed using a 15% fetal bovine serum RPMI-
1640 medium when multiple dying cells were 
observed. When cell growth after irradiation 
reaches 70~80% density. Irradiation was not 
discontinued unless a total dose of 60 Gy was 
reached. The cells finally collected were named 
MCF-7R, and the follow-up experiment was car-
ried out after continuous culture for ≥ 2 weeks.

Cells were digested with trypsin at log phase, 
and inoculated with 1 × 105 cells per well in the 
wells of a 6-well plate for 24 h. The transfection 
was performed following the lipofectamin 2000 
instructions (11668-019, Invitrogen, New York, 
California, USA) when reaching 50% conflu-
ence. The cells in logarithmic growth were 
seeded into a 6-well plate, and when the cell 
density reached 30%-50%, the cells were 
transfected according to the instructions of 
Lipofectamine 2000 (Invitrogen). 250 µL of 
serum-free medium Opti-MEM was used to 
diluted 100 pmol of each plasmid (final concen-
tration was 50 nM) and 250 µL of Opti-MEM 
(serum-free) diluted with 5 µL of lipofectamine 
2000, mixed thoroughly and added to 6-well 
plates after 20 min of standing. After trans- 
fection, cells were incubated under specific 
conditions (37°C, 5% CO2, and saturated hu- 
midity). Cells were transfected in the following 
groups: oe-NC (negative control), oe-STAT4, 
MCF-7, MCF-7R+oe-NC, oe-MCF-7R+oe-STAT4, 
sh-MALAT1#1, sh-MALAT1#2, sh-MALAT1#3, 
oe-NC+sh-NC, oe-STAT4+sh-NC, oe-STAT4+sh 
NC, oe-STAT4+sh-MALAT1, MCF-7R+oe-NC+sh-
NC, MCF-7R+oe-STAT4+sh-NC, MCF-7R+oe-
STAT4+sh-MALAT, oe-MALAT1, sh-NC, sh-MA- 
LAT1, mimic NC, miR-21-5p mimic, inhibitor NC, 
miR-21-5p inhibitor, oe-NC+mimic NC, oe-
NC+miR-21-5p mimic, oe-MALAT1+mimic NC, 
oe-MALAT1+miR-21-5p mimic, oe-STAT4+sh-
THRB, and MCF-7R+oe-STAT4+sh-THRB groups. 
All overexpression or silencing plasmids, inhibi-
tors and their NCs were ordered from Sino 
Biological (China). Cells were changed following 
transfection for 6 h and collected after culture 
48 h for subsequent experiments [31, 32].

MTT assay

After a 5-minute centrifugation of the plates, 
the old culture medium was discarded, and 

cells were treated with MTT solution (1 mg/ml), 
freshly prepared and shielded from light, and 
incubated for 3 hours. Subsequently, plates 
were centrifuged for 6 minutes, MTT solution 
was removed, and DMSO (100 µl/well) was 
added, followed by 30 s of shaking on a shaker. 
An enzyme marker was then used to measure 
the 450-nm absorbance. Cell viability calcula-
tion formula: Cell viability = 100% × (the treated 
group’s mean OD/the control group’s mean OD) 
[33]. Experiments were run in triplicate in each 
group.

Plate clone formation experiments

Groups of BC cells during logarithmic growth 
were trypsin (0.25%)-digested and gently pipet-
ted to make single cells, counted as live cells, 
and adjusted to 1 × 106 cells/mL. In each 
group, cells were inoculated into the wells of a 
24-well plate (500 cells/well) where 1 mL of 
pre-warmed (37°C) culture medium was placed 
into each well, and gently rotated for even dis-
tribution of the cells. This was followed by a 2-3 
week incubation period at 37°C with 5% CO2, 
during which the medium was refreshed every 
two or three days. Cell growth was regularly 
observed, and the culture was terminated when 
clones were visible. Discard the supernatant 
and wash carefully with PBS 2 times. Cells were 
fixed with 5 mL of 4% paraformaldehyde for 15 
min, then the fixative was removed, and the 
cells were wash twice with PBS. GIMSA stain 
was applied for 10-30 minutes, after which  
the stain was gently rinsed off with running 
water, and the dishes were allowed to air dry. 
Clone counting was then carried out by photo-
graphing the dishes with an inverted micro-
scope (DMi8-M) purchased from Leica, Ger- 
many. Clones with more than 50 cells were 
counted as valid clones. Clone formation effi-
ciency (%) = the number of clones formed/num-
ber of cells inoculated × 100%, Survival frac-
tion (%) = clone formation rate of irradiated 
cells/clone formation rate of control cells × 
100% [34]. Each set of experiments was run in 
triplicate.

Flow cytometry

For apoptosis detection by Annexin V-FITC/PI 
double staining and flow cytometry, the proto-
col is as follows: After removing culture medi-
um, cells were rinsed once with pre-chilled PBS 
(4°C), trypsin-digested, and collected into a 15 
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mL centrifuge tube for centrifugation at 800 g/
min. The supernatant was discarded, and the 
cells were rinsed twice with PBS. This was fol-
lowed by resuspending the cells in 500 μL bind-
ing buffer as the Annexin V-FITC Apoptosis 
Detection Kit Ι (556547) instructions. A further 
resuspension was done in 500 μL of binding 
buffer, to which FITC and PI (5 μL each) were 
added. After thorough mixing and a 15-minute 
incubation, apoptosis detection by flow cytom-
etry (BD FACSCalibur) [35]. Each set of experi-
ments was run in triplicate.

RNA pull-down assay

MALAT1-pull-down: Ribo biological (China) was 
responsible for the design and synthesis of 
MALAT1-WT and -Mut, biotin-labelled probes. 
Groups of BC cells were subjected to two rinses 
with pre-chilled PBS, lysis in a lysis buffer, and 
2 h of room temperature cultivation with 3 μg of 
biotin-labelled MALAT1-WT and -Mut probes; 
M-280 streptavidin magnetic beads pre-coated 
with RNase-free and yeast tRNA (S3762, Sigma, 
St. Louis, MO, USA) were then added together 
for 4 h, so as to pull down the biotin-coupled 
RNA complex. Following five washes of the 
beads with a lysis buffer, the pull-down com-
plex-bound miRs were isolated with a Trizol 
reagent and analyzed for miR-21-5p amounts 
using RT-qPCR assay. miR-21-5p-pull-down: 
Ribo biological (China) was responsible for the 
design and synthesis of miR-21-5p-WT and 
-Mut, biotin-labelled probes. The pull-down 
experiment was conducted the same as afore-
mentioned, using Trizol reagent to separate the 
pull-down complex-bound RNAs and RT-qPCR 
assay to analyze the MALAT1 amount [36]. All 
experiments were run in triplicate.

ChIP assay

The cells collected from each group were incu-
bated for 10 min at 37°C with 1% formaldehyde 
solution after discarding the original culture 
medium. Following dilution with a containing 
protease-inhibitor CHIP dilution buffer, the 
supernatant was cultivated with a blocking 
solution for half an hour with the temperature 
controlled at 4°C. Subsequently, a fraction of 
the supernatant was centrifuged for 1 min at 
4°C and used as Input, while a portion of the 
rest was added to the STAT4 antibody (Rabbit, 
#2653, Cell Signaling Technology, USA). A por-
tion was added to a NC IgG (ab172730, Rabbit, 

Abcam, China) and incubated overnight (4°C). 
Protein G Dynabeads (10003D, Thermo Fisher, 
USA) were added and incubated (1 h at 4°C) to 
obtain the antibody/transcription factor com-
plex. The supernatant was discarded by 1 min 
of centrifugation at 4°C, and the precipitate 
was washed well and eluted with elution buffer. 
In the eluted supernatant and Input DNA, 20 μL 
of NaCl (5 mol/L) was placed into the superna-
tant and Input DNA, respectively, followed by 4 
h of immersion in a 65°C water bath for 
uncrosslinking. The recovered DNA was puri-
fied after protein removal by proteinase K 
digestion. The recovered DNA was used as a 
template to detect MALAT1 content using 
RT-qPCR [27, 37]. Each set of experiments was 
run in triplicate.

Dual-luciferase reporter (DLR) gene assay

Reporter plasmids MALAT1-WT and MALAT1-
MUT were obtained by cloning the predicted 
binding site of MALAT1 with miR-21-5p and a 
mutated MALAT1 fragment into the Pmir-GLO 
Dual-Luciferase miRNA Target Expression 
Vector (Promega, USA). Similarly, reporter plas-
mids THRB-WT and THRB-MUT were prepared 
by inserting the predicted mRNA 3’-UTR binding 
site fragment of miR-21-5p with THRB and a 
mutated miR-21-5p fragment into the lucifer-
ase reporter vector. The mimic NC and miR-21-
5p mimic were inserted into the MALAT1 and 
THRB luciferase reporter vectors, respectively. 
Subsequently, co-transfection of THRB lucifer-
ase reporter plasmids into 293T was carried 
out to test the ability of miR-21-5p to bind to 
MALAT1 and THRB. Sea pansy luciferase acted 
as an internal reference. Cell collection and 
lysis were performed 48 h post transfection 
with a DLR kit (E1910; Promega, USA). Sea 
pansy luciferase acted as an internal reference 
gene to compare target reporter gene activa-
tion based on the ratio obtained by dividing 
RLU (firefly luciferase assay value) by Renilla 
(sea pansy luciferase assay value) [38].

All reporter plasmids including pGL3-luc, pGL3-
MALAT1-MUT-luc, and pGL3-MALAT1-WT-luc, 
were prepared by inserting the predicted 
MALAT1 promoter binding site fragment and 
mutant site fragment of STAT4 into the pGL3 
Luciferase Reporter Vector (E1751, Promega, 
USA). Co-transfection of oe-NC and oe-STAT4 
plasmids with MALAT1 promoter luciferase 
reporter plasmids into 293T (CRL-3216, ATCC, 
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USA) were carried out, respectively. The 
MALAT1 promoter activity was assessed as 
above. Each set of experiments was run in 
triplicate.

RIP assay

The basic steps of the Magna RIP RNA-Binding 
Protein Immunoprecipitation Kit (#17-700, Mi- 
llipore, USA) are as follows: Cells are rinsed 
twice with pre-cooled PBS, collected with a cell 
scraper, and lysed in a buffer that includes ribo-
nuclease and protease inhibitor (100 μL). After 
30 min of lysis on ice and subsequent 30 min 
of centrifugation (4°C, 12000 g), the superna-
tant is collected. A small sample of this super-
natant serves as the Input positive control, 
while the remaining supernatant was added 
protein A/G-beads (30 μl) and the correspond-
ing antibody Anti-AGO2 (Rabbit, ab186733, 
Abcam, USA; 1 μg) for cultivation overnight 
(4°C) with rotation. Following immunoprecipita-
tion, the supernatant was discarded by centrif-
ugation for 5 min under specific conditions 
(3000 g, 4°C). The protein A/G-beads were 
treated with thrice rinses with a lysis buffer (1 
mL) and 1 min of centrifugation (1000 g, 4°C). 
Following the addition of a 2× SDS spiking buf-
fer (15 μL) and metal bath heat treatment (10 
min), the relevant RNAs were obtained, and 
MALAT1 and miR-21-5p were quantified by 
RT-qPCR [39, 40]. All experiments were run in 
triplicate.

Nude mice subcutaneous xenograft experi-
ment

We purchased 48 SPF-grade male Balb/c nude 
mice of 5 weeks old and weighting 18-22 g 
from Viton Lever Laboratory Animal Technology 
Ltd. (Beijing, China) and housed them in a spe-
cific-pathogen-free animal facility individually, 
strictly following the guidelines in the Guide for 
the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health. All 
animal experiments received approval from our 
animal ethics committee. MCF-7 BC cells, as 
well as MCF-7R+oe-NC+sh-NC, MCF-7R+oe-
STAT4+sh-NC, and MCF-7R+oe-STAT4+sh-THRB 
group. MCF-7R BC cells were used for subcuta-
neous tumour formation experiments in the 
purchased animals. Using serum-free RPMI 
1640 (Gibco, USA), BC cells were resuspended 
into a 1 × 106 cells/200 μL cell suspension and 
set aside. The animals were randomized into 4 

groups of 12 each. After ether anaesthetization 
and routine sterilization, each animal was inoc-
ulated with 200 μL (1 × 106 cells) BC cells from 
the back of the right hind leg under the loose 
skin, and reared in the same environment. 
Once the average subcutaneous tumour size in 
each group reached 200 mm3, the animals 
were subjected to a total of 4 Gy X-ray irradia-
tion for five days. The mice were euthanized 
when the mean tumor size when the mean 
tumour diameter reached 1.5 cm. Tumor tis-
sues were then excised, imaged, weighed, and 
their dimensions recorded [41, 42].

Immunohistochemical staining

Solid tumor tissues were embedded in paraffin 
and sectioned at 5 μm thickness. The tissue 
was routinely dewaxed in xylene (5 min/time for 
3 times) and hydrated (100% alcohol hydration 
for 3 times, followed by 90%, 80%, and 70% 
alcohol, as well as PBS, once each for 5 min). 
After antigen retrieval utilizing a citrate buffer, 
1% BSA solution was added for 1 h of room 
temperature sealing. Then came overnight cul-
ture with antibodies (anti-STAT4, ab284408, 
1:500, Abcam, USA; rabbit anti-THRB, SAB45- 
00820, 1:500; rabbit anti-ki67, SAB5700770, 
1:100; Sigma, USA) at 4°C. The sections were 
then rinsed with PBS and cultivated with HRP-
labelled IgG (sc 2357, Santa Cruz, USA) at an 
ambient temperature, 1 h. Colour development 
with DAB (AR1000, BOSTER, China) was termi-
nated with tap water. Hematoxylin (G1004, 
Servicebio, China) stained nuclei were dehy-
drated in an alcohol gradient, blocked and 
examined microscopically [43].

Terminal deoxynucleotidyl transferase dUTP 
nick end labelling (TUNEL) detection of apop-
tosis

TUNEL was conducted as instructed by the 
manufacturer’s recommendations (QIA39, Mi- 
llipore, Sigma, USA). TUNEL-positive cells were 
observed and photographed using a fluores-
cent microscope (BX63, Olympus, Japan), in a 
randomized, double-blind manner. The TUNEL-
positive cell count was calculated as a percent-
age of the total cell count [44].

Statistical methods

Data analyses were conducted using SPSS 
21.0 from IBM, USA. Measures, described as 
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mean ± standard deviation, were comparative-
ly analyzed between and among groups using 
unpaired t-tests and one-way ANOVA plus 
Tukey’s post hoc tests, respectively. Multiple 
time-point comparisons employed repeated 
measures ANOVA as well as Bonferroni for post 
hoc tests. The KM method was used to calcu-
late patient survival, and a one-way ANOVA was 
performed using the Log-rank test. Pearson 
correlation analysis was performed to observe 
the correlation of indicators. The significance 
level was P < 0.05.

Results

STAT4 is underexpressed in BC tissue and 
negatively correlates with adverse outcomes in 
BC patients

STAT4 has been found to be significantly under-
expressed in various cancers, including ovarian 
cancer and liver cancer, and its expression is 
significantly associated with overall survival 
(OS) in cancer patients [45-47]. However, it has 
been relatively understudied in BC, with its 
mechanisms not fully elucidated. We quantified 
STAT4 protein and mRNA levels in both adja-
cent normal and BC tissues from 66 BC patients 
using Western Blot (WB) and RT-qPCR, observ-
ing substantially lower expression in BC tissues 
compared to adjacent normal tissues (Figure 
1A, 1B). Kaplan-Meier analysis of STAT4 expres-
sion’s correlation with patient OS demonstrat-
ed notably longer OS in patients with higher 
STAT4 expression (Figure 1C).

STAT4 expression was downregulated in radia-
tion therapy resistant BC cells

Using RT-qPCR and WB, we examined STAT4 
levels in normal human MCF-10A mammary 
epithelial cells and four human BC cell lines 
(SKBR3, MDA-MB-231, MCF-7 and MDA-MB- 
468) to evaluate the role of STAT4 in BC cell 
resistance to radiotherapy. The results showed 
a marked downregulation of STAT4 mRNA and 
protein in SKBR3, MDA-MB-231, MCF-7 and 
MDA-MB-468 compared to MCF-10A, with 
MCF-7 cell line showing the lowest levels, 
prompting its selection for further study (Figure 
2A, 2B). Subsequently, we started to generate 
radiation therapy resistant cells. STAT4 mRNA 
and protein levels increased gradually with 
increasing X-ray doses from 0 Gy to 4 Gy but did 
not significantly change beyond this dose 
(Figure 2C, 2D). Therefore, 4 Gy was selected 
as the irradiation dose.

RT-qPCR and WB further revealed gradually 
decreasing STAT4 mRNA and protein levels in 
MCF-7 with increasing irradiation time under 
X-ray irradiation at a dose level of 4 Gy (Figure 
2E, 2F). The radioresistant counterpart, MCF-
7R, displayed notably lower STAT4 levels (Figure 
2G, 2H). Moreover, overexpression of STAT4 in 
MCF-7R cells was conducted to elucidate its 
impact on the cell tolerance to radiotherapy. As 
indicated by RT-qPCR and WB assays, oe-STAT4 
group had notably higher STAT4 mRNA and pro-
tein levels than oe-NC group (Figure 2I, 2J).

Figure 1. STAT4 expression in BC tissues. A, B: STAT4 mRNA and protein levels in cancerous and normal paracan-
cerous tissues of BC patients by RT-qPCR and Western blot, n = 66, N indicates normal paracancerous tissue, C 
indicates BC tissue, * indicates comparison with normal paracancerous tissue, *P < 0.05; C: Kaplan-Meier curves 
display the correlation of STAT4 with patients’ overall survival.
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Figure 2. STAT4 expression was downregulated in radiation therapy resistant BC cells. A, B: STAT4 mRNA and protein levels in normal human MCF-10A mammary 
epithelial cells and four human BC cell lines (SKBR3, MDA-MB-231, MCF-7 and MDA-MB-468) by RT-qPCR and Western blot (WB); *P < 0.05 versus HBL-100 cells; 
C, D: RT-qPCR and WB for STAT4 mRNA and protein levels in MCF-7 at different time points after single-dose X-ray irradiation, *P < 0.05 versus 0 Gy group; E, F: 
STAT4 mRNA and protein levels in MCF-7 after X-ray irradiation of different doses by RT-qPCR and WB; G, H: RT-qPCR and WB for STAT4 mRNA and protein levels in 
MCF-7 and its corresponding radioresistant cell line MCF-7R, *P < 0.05 versus MCF-7 group; I, J: STAT4 mRNA and protein levels in MCF-7R in each group by RT-
qPCR and WB, *P < 0.05 versus oe-NC group.



STAT4 reverses radiotherapy resistance

1509 Am J Cancer Res 2024;14(4):1501-1522

Overexpression of STAT4 inhibits radiotherapy 
resistance in BC cells

The survival of MCF-7, and MCF-7R in oe-NC 
and oe-STAT4 groups was measured by MTT 
assay at different time points (0 d, 1 d, 2 d, 3 d, 
4 d) after 4 Gy X-ray irradiation. The cell prolif-
eration ability was measured by plate cloning 
assay 24 h after X-rays. The results indicated 
that the cell survival rate (Figure 3A), prolifera-
tion ability (Figure 3B) were higher in MCF-
7R+oe-NC group, while the apoptosis level were 
lower (Figure 3C). The survival rate (Figure 3A), 
proliferation ability (Figure 3B) of MCF-7R+oe-
STAT4 cells were statistically lower versus MCF-
7R+oe-NC cells and the apoptosis level were 
higher (Figure 3C). The plate cloning assay indi-
cated that the proliferation capacity of MCF-7R 
cells in the oe-STAT4 group decreased more 
rapidly with higher doses of X-ray irradiation 
(Figure 3D). These results suggested that MCF-
7R developed resistance to radiation, as its 
proliferation rate was significantly higher than 
that of MCF-7 cells. While overexpression of 
STAT4 could reduce the proliferation of MCF-7R 
cells, suggesting overexpression of STAT4 inhib-
its radiotherapy resistance in BC cells.

STAT4 reverses BC cell resistance to radiother-
apy activating MALAT1 expression

MALAT1, a long non-coding RNA, is closely 
associated with breast cancer (BC), with stud-
ies by Kim et al. indicating that its knockdown 
facilitates BC metastasis, suggesting MALAT1 
plays an inhibitory role in this process [48]. 
Data from GEPIA website shows that MALAT1 is 
lowly expressed in BC. The Chipbase v2.0 web-
site obtained a positive co-expression correla-
tion between MALAT1 and STAT4 in BC (Figure 
4A), speculating that STAT4 could be a tran-
scription factor for MALAT1. RT-qPCR examina-
tion of MALAT1 in clinical samples showed 
markedly downregulated MALAT1 in BC tissues 
(Figure 4B). In addition, Pearson correlation 
analysis revealed a positive correlation of 
MALAT1 with STAT4 expression in BC (Figure 
4C).

Upon overexpressing STAT4 in MCF-7R cells, a 
marked increase in MALAT1 expression was 
observed via RT-qPCR (Figure 4D), and ChIP 
assays showed increased STAT4 binding to the 
MALAT1 promoter (Figure 4E). The DLR assay 
showed obviously enhanced MALAT1 promoter 

activity after overexpressing STAT4 (Figure 4F). 
Therefore, STAT4 activates MALAT1 transcrip-
tion in BC cells through binding to the promoter 
region of MALAT1.

To further investigate whether STAT4 affects BC 
cells’ resistance to radiotherapy through tran-
scriptional activation of MALAT1, MCF-7R cells 
were divided into oe-NC+sh-NC, oe-STAT4+sh-
NC, and oe-STAT4+sh-MALAT1 groups for stu- 
dy. RT-qPCR demonstrated efficient MALAT1 
knockdown, especially with sh-MALAT1#3, whi- 
ch was chosen for subsequent experiments 
(Figure 4G). According to RT-qPCR and WB 
assays, oe-STAT4+sh-NC group had significant-
ly higher STAT4 and MALAT1 expression than 
oe-NC+sh-NC group (Figure 4H, 4I). After 4 Gy 
X-ray irradiation, the cell survival rate (Figure 
4J), proliferation capacity (Figure 4K) were sig-
nificantly increased in MCF-7R+oe-STAT4+sh-
MALAT1 group compared to MCF-7R+oe-
STAT4+sh-NC group, while the apoptosis level 
was reduced (Figure 4L).

After subjecting MCF-7R with oe-STAT4+sh-
MALAT1 or oe-STAT4+sh-NC to X-ray irradiation 
of different doses, plate cloning assays were 
carried out. The results revealed a slower 
decreased proliferation in MCF-7R oe-STAT4+ 
sh-MALAT1 group with higher irradiation doses 
(Figure 4M).

MALAT1 targets and adsorbs miR-21-5p in BC 
cells

To unveil the downstream regulating mecha-
nisms of MALAT1 in BC cells’ resistance to 
radiotherapy, we used the StarBase and 
LncBase databases to predict the downstream 
miRNAs of MALAT1. We identified 113 and 563 
miRNAs from each database, respectively. By 
intersecting these predictions with BC-related 
miRNAs, we pinpointed 8 miRNAs, including 
miR-1297, miR-206, miR-21-5p, and miR-4429 
(Figure 5A). Notably, miR-21-5p, known to be 
implicated in the onset and progression of BC 
[49-51], was selected for further study due to 
its less-explored role in BC cells’ resistance to 
radiotherapy.

The binding loci of MALAT1 and miR-21-5p were 
obtained through the StarBase website (Figure 
5B). RT-qPCR analyses of clinical samples dem-
onstrated high miR-21-5p expression in BC tis-
sues (Figure 5C). Pearson correlation analysis 
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Figure 3. STAT4 overexpression could reverse radiation therapy resistance. A: Cell survival rate by MTT assay, * denotes P < 0.05; B: Plate cloning assay to detect cell 
proliferation ability, * denotes P < 0.05; C: Flow cytometry to detect apoptosis, * denotes P < 0.05; D: Plate cloning assay to detect changes in MCF-7R proliferating 
capacity in each group, * denotes P < 0.05.
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Figure 4. Impact of STAT4 on resistance to radiotherapy through regulation of MALAT1 expression in breast carcinoma (BC) cells. A: Co-expression relationship be-
tween STAT4 and MALAT1 in BC; B: RT-qPCR to quantify MALAT1 levels in BC tissues and normal counterparts, n = 66, * indicates comparison with normal tissues 
adjacent to cancer, *P < 0.05; C: Correlation analysis of MALAT1 and STAT4 mRNA levels in 66 BC tissue samples; D: RT-qPCR to quantify MALAT1 in MCF-7R, *P < 
0.05 versus oe-NC group; E: CHIP assay to detect STAT4-bound MALAT1 in each group of MCF-7R, *P < 0.05; F: Dual luciferase reporter assay to measure MALAT1 
levels in oe-NC and oe-STAT4-treated 293T cells for MALAT1 promoter activity; G: RT-qPCR assay for knockdown efficiency of three pairs of MALAT1 interference 
sequences; H: RT-qPCR assay for STAT4 and MALAT1 levels in MCF-7R, *P < 0.05; I: Western blot assay for each group of MCF-7R cells, *P < 0.05; J: MTT assay to 
detect MCF-7R cell survival, *P < 0.05; K: Plate cloning assay to detect MCF-7R proliferation, *P < 0.05; L: Flow cytometry to detect MCF-7R cell apoptosis, *P < 
0.05; M: Plate cloning assay to identify changes in the proliferative capacity of MCF-7R, *P < 0.05.
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Figure 5. Validation of the targeting correlation between MALAT1 and miR-21-5p in breast carcinoma (BC) cells. A: Venn diagram of StarBase, LncBase predicted 
miRNAs downstream of MALAT1 and BC-associated miRNAs in GeneCards; B: Diagram of the predicted binding loci of MALAT1 and miR-21-5p by StarBase; C: RT-
qPCR detection of miR-21-5p evels in BC tissues and adjacent normal counterparts, n = 66, * indicates comparison with normal counterparts adjacent to cancer, *P 
< 0.05; D: Correlation analysis of miR-21-5p and MALAT1 in 66 BC tissue samples; E: The targeting correlation between MALAT1 and miR-21-5p by dual luciferase 
reporter assay, *P < 0.05 versus mimic NC group; F: The binding of biotin-labeled miR-21-5p-WT and mutant sequence miR-21-5p-MUT to MALAT1 by RNA-pull-down 
assay, *P < 0.05; G: The binding of biotin-labeled MALAT1-WT and mutant sequence MALAT1-MUT to miR-21-5p by RNA-pull-down assay, *P < 0.05; H: RT-qPCR to 
detect MALAT1 levels in MCF-7R, *P < 0.05 versus oe-NC group; I: RIP assay to detect MALAT1 enrichment within the RISC core element Ago2 in MCF-7R, *P < 0.05; 
J: RIP assay to detect miR-21-5p enrichment within the RISC core element Ago2 in MCF-7R, *P < 0.05; K: RT-qPCR to quantify miR-21-5p in MCF-7R, *P < 0.05.
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revealed an inverse link between miR-21-5p 
and MALAT1 expression in BC (Figure 5D). We 
cloned both wild-type MALAT1 (with the miR-21-
5p binding site) and mutated MALAT1 sequenc-
es into a luciferase reporter vector, co-trans-
fecting these with either a miR-21-5p mimic or 
a negative control mimic. The miR-21-5p mimic 
significantly reduced luciferase activity com-
pared to the negative control, whereas the 
mutant MALAT1 did not show a significant dif-
ference, highlighting miR-21-5p’s specific bind-
ing to the MALAT1 sequence (Figure 5E). As 
indicated by the RNA pull-down assay, MALAT1 
and miR-21-5p were significantly pulled down 
by the biotin-labelled miR-21-5p-WT probe and 
the biotin-labelled MALAT1-WT probe, respec-
tively (Figure 5F, 5G), indicating the ability of 
MALAT1 to bind to miR-21-5p.

Subsequently, we manipulated the expression 
of MALAT1 in MCF-7R cells (Figure 5G, 5H). RIP 
assays indicated a significant increase in the 
enrichment of both MALAT1 and miR-21-5p 
within the RNA-induced silencing complex 
(RISC) core element, Argonaute 2 (Ago2), after 
MALAT1 overexpression in MCF-7R cells (Figure 
5I, 5J). Conversely, disrupting MALAT1 led to a 
considerable reduction in the enrichment of 
both MALAT1 and miR-21-5p within Ago2 
(Figure 5I, 5J). RT-qPCR results corroborated 
these findings, showing a notable decrease in 
miR-21-5p expression subsequent to MALAT1 
overexpression and an increase when MALAT1 
was interfered with (Figure 5K).

MALAT1 up-regulates THRB expression 
through the adsorption of miR-21-5p

We further predicted miR-21-5p’s downstream 
regulators by intersecting the predicted target 
genes of miR-21-5p from four websites (miRDB, 
mirT-CDS, mirDIP and StarBase) and obtained 
34 candidate genes, including PPARA, CTSC 
and THRB (Figure 6A). PPARA, THRB, LIFR, 
NFIB, and RECK are lowly expressed in BC 
(Figure 6B), of which THRB is an oncogene and 
has been shown to inhibit breast tumour growth 
[52]. Additionally, miR-21-5p and THRB were 
found to have a potential binding site via 
StarBase predictions (Figure 6C). Subsequently, 
we used RT-qPCR and WB to examine THRB lev-
els in clinical samples. Both THRB protein and 
mRNA levels were notably down-regulated in 
BC tissues versus paracancerous tissues 

(Figure 6D, 6E). An inverse correlation was 
found between THRB and miR-21-5p expres-
sion in BC (Figure 6F).

THRB-WT (binding site sequence) and THRB-
MUT (mutated sequence) of miR-21-5p were 
cloned into the luciferase reporter vector as a 
reporter plasmid. Mimic NC and miR-21-5p 
mimic were co-transfected with THRB lucifer-
ase reporter plasmids. The luciferase activity in 
the THRB-WT plasmid cotransfection group 
was markedly reduced versus the mimic NC 
cotransfection group, and the luciferase activi-
ty in the miR-21-5p mimic and THRB-MUT plas-
mid cotransfection group did not alter notably 
versus the mimic NC cotransfection group 
(Figure 6G). We then interfered miR-21-5p 
expression in MCF-7R cells (Figure 6H) and 
used RT-qPCR and WB to measure THRB 
expression in in each group. Upon modulating 
miR-21-5p expression in MCF-7R cells, overex-
pression of miR-21-5p was shown to decrease 
THRB mRNA and protein levels, while miR-21-
5p inhibition had the opposite effect (Figure 6I, 
6J).

To investigate whether MALAT1 regulates THRB 
expression through adsorbing miR-21-5p, we 
overexpressed MALAT1 and miR-21-5p in MCF-
7R. The results indicated that MALAT1 overex-
pression counteracts the effect of miR-21-5p 
on THRB, leading to increased THRB expres-
sion, suggesting a regulatory mechanism of 
MALAT1 over miR-21-5p in the context of THRB 
expression (Figure 6K-N).

STAT4 regulates THRB expression through the 
MALAT1/miR-21-5p axis reversing radiation 
therapy resistance in BC cells

Next, we explored whether STAT4 affects BC 
cell radiotherapy resistance via modulating the 
MALAT1/miR-21-5p/THRB axis. We silenced 
THRB or overexpressed STAT4 in MCF-7R. 
RT-qPCR and WB assays showed markedly 
enhanced STAT4, MALAT1 and THRB levels. 
miR-21-5p was notably underexpressed in oe-
STAT4+sh-NC group than in oe-NC+sh-NC 
group. STAT4, MALAT1 and miR-21-5p levels did 
not alter markedly in oe-STAT4+sh-THRB group 
versus oe-STAT4+sh-NC group, while THRB was 
greatly lowered (Figure 7A, 7B).

MCF-7, as well as MCF-7R from oe-NC+sh- 
NC, oe-STAT4+sh-NC, and oe-STAT4+sh-THRB 
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Figure 6. MALAT1 regulates THRB by adsorbing miR-21-5p. A: Venn diagram of the four websites (miRDB, mirT-CDS, mirDIP and StarBase) predicting the miR-21-
5p target gene; B: GEPIA website analyzing THRB expression in BC patients; C: StarBase website predicting the target binding loci of miR-21-5p and THRB; D, E: 
RT-qPCR and Western blot to quantify THRB mRNA and protein levels in cancer tissue and adjacent counterparts, n = 66, *P < 0.05 versus adjacent counterparts; 
F: Correlation of miR-21-5p and THRB mRNA levels in 66 BC tissue samples; G: Targeting correlation between miR-21-5p and THRB by double luciferase reporter 
assay, *P < 0.05 versus mimic-NC group; H: RT-qPCR to detect miR-21-5p levels in MCF-7R, *P < 0.05; I, J: RT-qPCR and Western blot to quantify THRB mRNA and 
protein levels in MCF-7R, *P < 0.05; K, L: RT-qPCR to measure MALAT1 and miR-21-5p levels in MCF-7R, *P < 0.05; M, N: RT-qPCR and Western blot to determine 
THRB in MCF-7R, *P < 0.05. 7R cells, mRNA and protein expression levels of THRB in each group, *P < 0.05.
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Figure 7. STAT4 regulation of MALAT1/miR-21-5p/THRB axis to influence breast carcinoma (BC) cell resistance to radiotherapy. A: RT-qPCR results indicate STAT4, 
MALAT1, miR-21-5p and THRB levels in MCF-7R, *P < 0.05; B: Western blot reveals STAT4 and THRB protein levels in MCF-7R, *P < 0.05; C: MTT assay for cell 
survival rate, *P < 0.05; D: Plate cloning assay on cell proliferating capacity, *P < 0.05; E: Flow cytometry about apoptosis level, *P < 0.05; F: Plate cloning assay 
to measure changes in MCF-7R cell proliferating capacity, *P < 0.05.
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groups were treated with 4 Gy X-ray irradiation. 
MCF-7R cells from the oe-STAT4+sh-THRB 
group had a greatly elevated survival rate 
(Figure 7C), a significantly higher proliferation 
capacity (Figure 7D) and a significantly lower 
level of apoptosis (Figure 7E) than MCF-7R 
from the oe-STAT4+sh-NC group. A plate clon-
ing assay indicated that, with higher irradiation 
doses, the proliferation of MCF-7R cells in  
the oe-STAT4+sh-THRB group decreased more 
slowly (Figure 7F).

Overexpression of STAT4 inhibits resistance 
to radiotherapy in BC by up-regulating THRB 
expression in animal model

MCF-7 and MCF-7R were grafted to nude mice 
subcutaneously, and the tumor volume and 
weight were determined by irradiating the nude 
mice with 4 Gy X-rays. Notably, the MCF-7R 
cells with overexpressed STAT4 and silenced 
negative control (sh-NC) exhibited a substan-
tially reduced tumorigenic capability compared 
to the standard MCF-7R cells. The tumorigenic 
ability further declined in the MCF-7R cells with 
silenced THRB (Figure 8A-C).

RT-qPCR, WB and immunohistochemistry sh- 
owed statistically decreased STAT4, MALAT1 
and THRB levels and markedly elevated miR-
21-5p in the MCF-7R+oe-NC+sh-NC group com-
pared to the MCF-7 group; STAT4, MALAT1 and 
THRB were notably elevated and miR-21-5p 
was noticeably reduced in MCF-7R+oe-NC+sh-
NC group compared to MCF-7R+oe-NC+sh-NC 
group. Obviously increased STAT4, MALAT1 and 
THRB and statistically reduced miR-21-5p were 
observed in MCF-7R+oe-STAT4+sh-NC group 
versus MCF-7R+oe-STAT4+sh-NC group; com-
pared to the MCF-7R+oe-STAT4+sh-NC group, 
STAT4, miR-21-5p and MALAT1 did not alter sig-
nificantly while THRB reduced statistically in 
the MCF-7R+oe/STAT4+sh-THRB group (Figure 
8D-F).

As indicated by immunohistochemistry and 
TUNEL staining, the MCF-7R+oe-NC MALAT1 
group exhibited notably enhanced cell prolifera-
tion and reduced apoptosis than the MCF-7 
group; MCF-7R+oe-STAT4+sh-NC group exhibit-
ed marked decreases in cell proliferation and 
apoptosis than MCF-7R+oe-NC MALAT1 group. 
The MCF-7R+oe-STAT4+sh-NC group showed 
an evident elevation in cell proliferation and an 
obvious decline in apoptosis than the MCF-
7R+oe-STAT4+sh-THRB group (Figure 8G, 8H).

Therefore, overexpressing STAT4 inhibits miR-
21-5p and up-regulates THRB expression th- 
rough transcriptional activation of MALAT1, 
thereby suppressing resistance to radiotherapy 
in BC.

Discussions

Evidence has linked high STAT4 expression to 
better OS and recurrence-free survival in BC 
patients [53], as well as elevated STAT4 and 
IL12B1/2 levels to better survival [54]. In  
addition, pSTAT4 in CD4+ T cells can be up-reg-
ulated by cryptotanshinone, inhibiting BC cell 
growth in vivo [55]. The genes co-expressed 
with STAT4 have a substantial presence in 
adaptive immune responses, highlighting the 
importance of further exploring the role of 
STAT4 in BC, particularly within the breast 
immune microenvironment [56].

Our in vitro cellular assays revealed that STAT4 
could target MALAT1 through transcriptional 
activation to adsorb miR-21-5p and up-regulate 
THRB expression. As shown by in vitro cellular 
assays, the transcription factor STAT4 inhibits 
BC cell resistance to radiotherapy by binding to 
the MALAT1 promoter region to upregulate 
MALAT1 levels. Further analysis showed that 
MALAT1 up-regulates THRB expression by ad- 
sorbing miR-21-5p. The activation of MALAT1 
has also been found to suppress BC metasta-
sis and, conversely, its inactivation promotes 
metastasis [57]. In addition, MALAT1 could tar-
get miR-485-3p to modulate BC cell resistance 
to paclitaxel chemotherapy, thus achieving 
MALAT1 inhibition in BC cells [58].

Our study indicates that STAT4’s overexpres-
sion counteracts BC cell resistance to radio-
therapy through the MALAT1/miR-21-5p/THRB 
axis, with in vitro experiments supporting 
STAT4’s role as a positive regulator of MALAT1. 
In vitro experiments suggest the role of STAT4 
as a positive regulator of MALAT1, and overex-
pressing MALAT1 inhibits miR-21-5p, a nega-
tive regulator of THRB. Thus STAT4 inhibits BC 
cell resistance to radiotherapy via modulating 
MALAT1/miR-21-5p/THRB, which was consis-
tent with previous study [1]. High MALAT1 
expression inhibited BC progression suppress-
ing its metastasis [59]. Furthermore, miR-21-
5p, positively linked to BC development, is a 
biomarker for BC diagnosis [60]. Suppressing 
miR-21-5p inhibited BC progression [61]. In 
addition, high THRB expression weakened the 
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proliferative potential of cells in vitro and pro-
moted cell death in concert with radiotherapy, 
improving the efficacy of radiotherapy [62].

In vivo animal studies corroborate the capabili-
ty of STAT4 overexpression to reverse BC cell 
resistance to radiotherapy and suppress tumor 
formation by upregulating THRB expression. 
There is growing evidence that signal transduc-
er and activator of transcription (STAT) proteins, 
known as cytoplasmic transcription factors, 
play a key part in multiple cell biological pro-
cesses and may be prognostic predictors for 
certain cancers. THRB is proposed to act as an 
anti-oncogene for BC development [63]. The 
relationship between overexpression of STAT4 
and BC has been reported, where STAT4 expres-
sion was activated with an increase in the cyto-
toxic CD4+ T cell count, promoting their anti-BC 
function [55]. In addition, high expression of 
THRB cooperated with radiotherapy to reduce 
the proliferative potential of tumour cells and 
promote cell death, enhancing the efficacy of 
radiotherapy [62].

tion of STAT4 agonists alongside radiotherapy 
treatment requires additional investigation into 
feasibility and safety.
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Figure 8. The in vivo validation of the STAT4-regulated MALAT1/miR-21-5p/THRB axis and its effect on breast car-
cinoma cell radiotherapy resistance. A: Representative images of tumors in each group, bar = 10 mm; B: Tumor 
change curves, *P < 0.05; C: Comparison of tumor weight, *P < 0.05; D: RT-qPCR for measuring STAT4, THRB, miR-
21-5p and MALAT1 levels in solid tumors, *P < 0.05; E: Western blot reveals STAT4 and THRB protein levels in solid 
tumors, *P < 0.05; F: Immunohistochemistry shows STAT4 and THRB protein levels in solid tumors, *P < 0.05; G: 
Immunohistochemistry on ki67 levels in solid tumors, *P < 0.05; H: TUNEL staining to determine apoptosis, *P < 
0.05; n = 12.

Figure 9. The molecular mechanism by which STAT4 counteracts miR-21-5p 
and enhances THRB expression via the transcriptional activation of MALAT1, 
effectively reversing radiotherapy resistance in breast carcinoma cells.

In conclusion, our research 
tentatively posits STAT4 is a 
positive regulator directly tar-
geted by MALAT1, which in 
turn is negatively regulated  
by miR-21-5p, with low miR-
22-3p expression influencing 
THRB up-regulation. The tran-
scription factor STAT4 inhi- 
bits miR-21-5p and up-regu-
lates THRB expression th- 
rough transcriptional activa-
tion of MALAT1, thereby re- 
versing BC cell radiotherapy 
resistance and preventing BC 
occurrence and progression 
(Figure 9). Still, there are sev-
eral limitations: MALAT1 inter-
acts with a variety of miRNAs, 
warranting further exploration 
of its downstream targets. 
Moreover, the clinical applica-
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