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Abstract
Although DNA damage-inducible transcript 3 (DDIT3) has been identified as a novel 
gene associated with breast cancer, its clinical significance, biological function, and 
underlying mechanisms remain unclear. By integrating immunohistochemistry with 
data from The Cancer Genome Atlas (TCGA), we discovered that elevated levels of 
DDIT3 Messenger RNA and protein expression are significantly associated with 
poor prognosis in patients with breast cancer. Functional assays and preliminary 
mechanistic studies reveal that DDIT3 may promote breast cancer cell proliferation 
and metastasis, potentially by downregulating activating transcription factor-2.
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1. Introduction
Breast cancer remains one of the most significant public health challenges worldwide, 
ranking as the second leading cause of cancer-related mortality and the most frequently 
diagnosed malignancy among women, accounting for approximately 30% of all female 
cancer cases.1 In 2020, China reported 4.57 million new cancer cases and 3 million deaths, 
ranking first globally. Breast cancer incidence in China is rising at rates significantly 
exceeding the global average.1,2 Compared with European and American countries, 
China has a higher proportion of young breast cancer patients, a younger age of onset, 
and a later clinical stage at diagnosis. The proportion of early-stage cases and survival 
rates is significantly lower than those observed in European and American countries.3,4 
This disparity may be attributed to factors such as denser breast anatomy among Chinese 
women, population aging, genetic predisposition, and other factors.5-7 These differences 
imply that breast cancer may exhibit substantial heterogeneity across races, countries, and 
regions, and therefore, the direct application of foreign research findings to the diagnosis 
and treatment of breast cancer in China may lack the precision required for personalized 
medicine. Existing serum tumor markers (CA153, carcinoembryonic antigen) have 
critical shortcomings, including suboptimal sensitivity and specificity, limited clinical 
utility for early detection, and inadequate prognostic value.8,9 Therefore, identifying novel, 
population-relevant biomarkers for breast cancer and elucidating molecular mechanisms 
specific to Chinese patients are essential for developing precise diagnostic tools for early 
detection, accurate prognosis prediction, and targeted therapeutic strategies.
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DNA damage-inducible transcript 3 (DDIT3), 
also known as GADD153, encodes a stress-inducible 
transcription factor that serves as a critical molecular 
switch governing cell fate under diverse pathological 
conditions.10 As a member of the CCAAT/enhancer-
binding protein (C/EBP) family, DDIT3 exhibits unique 
functional characteristics. It is robustly activated 
by various cellular stresses, including endoplasmic 
reticulum (ER) stress, oxidative stress, hypoxia, and 
DNA damage, and orchestrates the balance between 
cell survival and apoptosis through modulation of 
downstream effectors such as B-cell lymphoma 2 family 
proteins and autophagy-related genes.11,12 Beyond its 
role in stress responses, DDIT3 participates in adipocyte 
differentiation and lipid metabolism through regulation 
of peroxisome proliferator-activated receptor gamma,13 
cardiac remodeling by modulating cardiomyocyte 
apoptosis,14 and neural development and synaptic 
plasticity.15 Emerging evidence reveals that DDIT3 has 
a complex, cancer-type-specific role. In hematological 
malignancies, DDIT3 induces ER stress-mediated 
apoptosis, making it a potential therapeutic target.16 In 
solid tumors, DDIT3 may promote tumor cell adaptation 
to microenvironmental stress,17 epithelial-mesenchymal 
transition and metastasis,18 and chemoresistance through 
stress-response pathways.19 In breast cancer, DDIT3 
has traditionally been viewed as a mediator of therapy-
induced apoptosis.20 However, its role in regulating 
breast cancer progression remains largely unexplored. 
Moreover, although DDIT3 has been implicated in therapy 
resistance, its prognostic significance and potential pro-
metastatic role in breast cancer have not been previously 
characterized and are newly demonstrated in this 
study. This study addresses a critical knowledge gap by 
elucidating how stress-response pathways contribute 
to breast cancer pathogenesis and highlighting novel 
avenues for targeted interventions.

2. Materials and methods
2.1. Cell culture

Human breast cancer cell lines Michigan cancer 
foundation (MCF7) and Hs578T were obtained from 
Shanxi Bethune Hospital. Cells were cultured in Roswell 
Park Memorial Institute (RPMI) 1640 medium (Biological 
Industries, Israel) supplemented with 10% fetal bovine 
serum (Biological Industries, Israel) and 1% penicillin/
streptomycin (Hyclone, USA) and maintained in a 
humidified incubator (371GPCN, Thermo Fisher, USA) at 
37°C with 5% CO2. On reaching 80–90% confluence, the 
cells in the logarithmic growth phase were harvested for 
subsequent experiments.

2.2. Cell transfection

When cells in 6-well plates reached 60–80% confluence, 
they were transfected with small interfering RNA 
(siRNA) targeting DDIT3 and negative control siRNA 
(siRNA-NC) using Lipofectamine 2000 (Invitrogen, 
USA), following the manufacturer’s instructions. 
Briefly, 125 μL Opti-MEM reduced-serum medium 
(Thermo Fisher, USA), 5 μL Lipofectamine 2000, and 
5 μL siRNA-DDIT3 or siRNA-NC were combined in 
a sterilized Eppendorf (EP) tube, mixed gently, and 
incubated for 20 min at room temperature. Subsequently, 
the resulting complexes were added to each well 
containing complete medium without antibiotics, and 
cells were cultured in a humidified incubator at 37°C 
with 5% CO2, protected from light. Digested cells 
were subjected to functional assays after 48  h. siRNA-
DDIT3 and siRNA-NC were purchased from RiBio 
(China). The siRNA sequence targeting DDIT3 was: 
5’-CGGAAACAGAGUGGUCAUUtt-3’.

2.3. Cell counting kit-8 (CCK-8) assay

Transfected cells were digested and resuspended to form 
a single-cell suspension. Cells were seeded into 96-well 
plates at a density of 5 × 103  cells/well and incubated 
overnight under normal conditions. Cell viability was 
assessed at 24, 48, 72, and 96 h by adding 10 μL CCK-8 
solution (SEVEN Biotech, China) to each well, followed 
by incubation at 37°C for 1 h. Absorbance was measured 
at 450 nm with a microplate reader (Synergy LX, BioTek, 
USA). Each experiment was repeated at least 3 times.

2.4. Transwell assay

After dilution of human breast cancer cells with RPMI 
1640 medium, 200 μL of cell suspension was inoculated 
into the upper chamber (5 × 104 cells/well) of a Transwell 
insert (Coning, USA), and RPMI 1640 medium containing 
10% fetal bovine serum (600 μL) was added to the lower 
chamber of a 24-well plate. After 24  h of incubation at 
37°C with 5% CO2, non-migrated cells remaining on the 
upper surface of the membrane were removed with a 
cotton swab. Migrated cells on the lower surface were fixed 
with 4% paraformaldehyde (Sangone Biotech, China) for 
15 min, stained with 0.1% crystal violet (Sangone Biotech, 
China) for 15 min, and photographed under an inverted 
fluorescence microscope (Olympus Corporation, Japan). 
The number of migrated cells was counted in 10 randomly 
selected fields per insert.

2.5. Colony formation assay

Cells were seeded into 6-well plates at a density of 500 cells 
per well in complete RPMI-1640 medium and cultured 
for 2  weeks. On the 14th  day, cells were fixed with 4% 
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paraformaldehyde and stained with 1% crystal violet, and 
then manually counted under a microscope.

2.6. Real-time quantitative polymerase chain 
reaction (qPCR)

Total RNA was extracted using TRIzol reagent (Takara 
Biotech, Japan) according to the manufacturer’s 
instructions. Briefly, cells were lysed in 1 mL Trizol at room 
temperature for 5 min, followed by the addition of 200 μL 
chloroform. After vigorous mixing and centrifugation at 
12,000 rpm for 15 min at 4°C, the supernatant was collected 
into a new clean 1.5  mL EP tube. RNA was precipitated 
with an equal volume of isopropanol (Tianli Chem, China) 
at −20°C for 30  min and centrifuged at 12,000  rpm for 
10  min at 4°C. The supernatant was discarded, and the 
RNA pellet was washed with 1 mL of 70% ethanol solution 
treated with diethyl pyrocarbonate (Sangone Biotech, 
China), air-dried for 3–5 min, and resuspended in 30–50 
μL RNase-free water (Sangone Biotech, China). RNA 
concentration and purity were assessed using a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific, USA) 
by measuring absorbance at 230, 260, and 280 nm. RNA 
samples with an A260/A280 ratio of 1.8–2.0 and an A260/
A230 ratio >2.0 were considered acceptable for subsequent 
experiments. Reverse transcription was performed 
according to the manufacturer’s instructions using 5 × 
PrimeScript RT Master Mix (Takara Biotech, Japan) with 
2 μg total RNA and RNase-free water in a final volume 
of 20 μL. Reverse transcription was performed at 37°C 
for 15 min, 85°C for 15 min, and 4°C hold for 5 s. qPCR 
was performed using the SYBR Green chemistry on an 
SLAN-96P Real-Time PCR Detection System (Hongshi 
Biotech, China). Cycling conditions were 95°C for 10 min, 
followed by 40 cycles of 95°C for 15 s and 60°C for 15 s. 
The housekeeping gene (glyceraldehyde-3-phosphate 
dehydrogenase [GAPDH]) was used as the internal control, 
and relative expression was calculated by the ΔΔCt method. 
Primers were purchased from SangonCo., Ltd (Shanghai, 
China). Primer sequences were as follows:
(i)	 DDIT3: F  5’-CATTGCCTTTCTCCTTCGGG-3’, R 

5’-CCAGAGAAGCAGGGTCAAGA-3’
(ii)	 GAPDH: F  5’-CCAGAACATCATCCCTGCCT-3’, R 

5’-CCTGCTTCACCACCTTCTTG-3’
(iii)	Activating transcription factor-2 (ATF2): 

F  5’-CTGTAATCACCCAGGCACCA-3’, R 
5’-TTCGAAGCATGCACACACATAC-3’

2.7. Western blot

Total protein was extracted using RIPA lysis buffer 
supplemented with protease and phosphatase inhibitors 
(Beyotime, China). Protein concentrations were quantified 
using a bicinchoninic acid assay (Beyotime, China). Equal 

amounts of protein (50 μg) were separated by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis on 10% 
polyacrylamide gels (SEVEN Biotech, China) and transferred 
onto polyvinylidene difluoride membranes (Millipore, 
Germany) using a wet transfer system at 80 V for 120 min. 
Membranes were blocked with 5% non-fat milk (SEVEN 
Biotech, China) in Tris-buffered saline with Tween 20 (TBST) 
(Yeasen Biotech, China) for 1  h at room temperature and 
incubated overnight at 4°C with primary antibodies against 
DDIT3  (1:1000) and ATF2  (1:500) (Proteintech, USA). 
GAPDH (1:50,000; Proteintech, USA) was used as the loading 
control. After washing 3 times with TBST, membranes were 
probed with horseradish peroxidase-conjugated secondary 
antibodies (1:5000 dilution; Cell Signaling Technology, 
USA) for 1  h at room temperature. Protein bands were 
visualized using enhanced chemiluminescence (ECL Prime) 
(Amersham, UK) and imaged with a ChemiDoc MP Imaging 
System (Bio-Rad, USA). Band intensities were quantified and 
normalized to GAPDH.

2.8. Immunohistochemistry

A tissue microarray (TMA) containing 140 breast cancer 
specimens (stage I–IIIC) was purchased from Shanghai 
Xinchao Biotechnology Co., Ltd (China). The tissue 
sections were baked at 70°C for 2 h in advance, followed by 
deparaffinization in 100% xylene solution (three changes, 
10  min each) (Tianli Chem, China) and rehydration 
through a graded descending ethanol series (95%, and 75%, 
5 min each). Endogenous peroxidase activity was blocked 
by immersing the sections in 3% hydrogen peroxide (Tianli 
Chem, China) for 20  min in the dark, and the sections 
were quickly washed with three washes of distilled water. 
Antigen retrieval was performed by heating sections in 
sodium citrate buffer (pH 6.0) (Roles-Bio, China) at boiling 
temperature for 2.5 min and maintaining the temperature 
for an additional 5 min. After cooling to room temperature, 
sections were washed with 1 × phosphate-buffered saline 
(Roles-Bio, China) 3  times for 5  min each and blocked 
with 2% goat serum (Zhong Shan Gold Bridge Biotech, 
China) at 37°C for 20 min. Sections were then incubated 
overnight at 4°C with the DDIT3 primary antibody diluted 
with phosphate-buffered saline with Tween-20 (PBST) 
(Yeasen Biotech, China). Sections incubated with PBST 
alone served as negative controls. The following day, the 
wet box containing the sections was transferred to room 
temperature, rewarmed for 1 h, and washed 3 times with 
PBST for 5 min. Sections were incubated with a fast enzyme-
labeled polymer secondary antibody (anti-mouse/rabbit 
immunoglobulin G) (Zhong Shan Gold Bridge Biotech, 
China) at 37°C for 20 min, and washed 3 times with PBST, 
5 min each. 3,3’-diaminobenzidine (HARVEYBIO, China) 
was added dropwise until the cytoplasm became pale 
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yellow, and the color reaction was terminated with distilled 
water. The sections were counterstained with hematoxylin 
(Beyotime Biotech, China) for 1  min, differentiated in 
hydrochloric acid alcohol (Tianli Chem, China) for 2 s, 
blued in ammonia water (Tianli Chem, China) for 52 s, 
and rinsed with distilled water. Sections were dehydrated 
through a graded ascending ethanol series (75% ethanol 
and 95%, 5  min each), cleared in 100% xylene solution 
(three changes for 10 min each), air-dried, and mounted 
with neutral resin (Beyotime Chem, China). The TMA 
and the expression of cytoplasmic proteins were scanned 
and analyzed by the 3D Histech tissue scanning analysis 
system (3D Histech, Hungary). Statistical analyses were 
performed using Statistical Package for the Social Sciences 
(SPSS) 26.0 software.

2.9. Data preprocessing and standardization 
pipeline

Publicly available RNA sequencing and clinical data for 
breast cancer were obtained from TCGA cohort (Project 
ID: TCGA-BRCA; Data Version GDC Release 32). Raw 
RNA-seq expression matrices (Fragments Per Kilobase 
of transcript per Million mapped reads [FPKM] format) 
and corresponding clinical survival information were 
downloaded from the Genomic Data Commons Data 
Portal. Data preprocessing was conducted as follows: 
(i) Sample filtering: Samples with overall survival (OS) 
≤30 days, to minimize the inclusion of non-cancer-related 
deaths, and samples with incomplete clinical information 
were excluded, resulting in 773 eligible cases for subsequent 
analyses. (ii) Gene expression filtering: The “filterByExpr()” 
function from the edgeR package (v3.40.2) was applied to 
retain genes expressed at >1 FPKM in ≥50% of samples. (iii) 
Missing value handling: No missing values were detected 
in the gene expression matrix. (iv) Normalization and 
transformation: Variance-stabilizing transformation was 
applied using the “varianceStabilizingTransformation() 
“function in “DESeq2” (v1.38.3) to mitigate sequencing 
depth bias. Batch effects associated with sequencing 
centers (Biospecimen Core Resource) were corrected 
using sva:  ComBat (v3.48.0) while preserving biological 
signals (mean.only = FALSE).

2.10. Statistical analysis

Patients were stratified into DDIT3-high and DDIT3-low 
expression groups based on median DDIT3 expression 
levels. Survival outcomes were analyzed using Kaplan-Meier 
curves, and differences in the OS between DDIT3 expression 
groups were assessed using log-rank tests. OS was analyzed 
both for the entire cohort and across clinicopathological 
subgroups. Cause-of-death determinations were verified 
using national death registry linkages based on the 

International Classification of Diseases, 10th Revision (C50 
for breast cancer-specific mortality). The primary endpoint 
was defined as breast cancer-specific death. Censoring 
events included (i) right-censoring for patients alive at the 
end of follow-up or lost to follow-up, and (ii) competing-
risk censoring for deaths due to causes other than breast 
cancer. Cox proportional hazards regression analyses were 
performed to assess prognostic factors, with hazard ratios 
(HRs) and 95% confidence intervals reported. Continuous 
variables were compared using independent two-sample 
t-tests (mean ± SD). Bivariate correlations were evaluated 
through Pearson’s coefficient (r). All analyses were 
performed in SPSS version 26.0 (IBM Corp, USA), with 
a two-tailed p<0.05 considered statistically significant. All 
in vitro experiments were performed with at least three 
independent biological replicates per condition (n≥3 per 
condition) to ensure reproducibility.

3. Results
3.1. High expression of DDIT3 protein is associated 
with poor prognosis in breast cancer patients

Using immunohistochemistry on a TMA containing 140 
breast cancer specimens, we observed that DDIT3 protein 
was predominantly expressed in the cytoplasm of breast 
cancer cells (Figure 1A). Based on the median expression 
score of the DDIT3 protein, we divided breast cancer cases 
into DDIT3high and DDIT3low groups. Kaplan-Meier survival 
analysis showed that the OS of breast cancer patients 
with high expression of DDIT3 protein was shorter than 
that of patients with low expression, suggesting that high 
expression of DDIT3 protein was associated with poor 
prognosis of breast cancer patients (Figure 1B).

3.2. High expression of DDIT3 messenger RNA 
(mRNA) is associated with poor prognosis in breast 
cancer patients

Breast cancer cases from the TCGA cohort were 
analyzed, and the samples were divided into DDIT3high 
and DDIT3low groups according to an optimal cutoff value 
(cutoff value  =  7.4820) derived from receiver operating 
characteristic curves of DDIT3 mRNA expression. 
Survival analysis showed that breast cancer patients with 
high DDIT3 mRNA expression exhibited significantly 
shorter OS compared with those with low expression 
(p<0.05) (Figure  2A). Stratified analyses based on 
clinicopathological factors further showed that the survival 
time of patients with high DDIT3 mRNA expression was 
shorter than that of patients with low DDIT3 expression 
in patients older than 60 years (p<0.05), those with Tumor, 
Node, Metastasis (TNM) stage I+II (p<0.01), pathological 
T3+4 tumors (p<0.05), absence of lymph node metastasis 
(p<0.05), estrogen receptor-positive (ER+) tumors 
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Figure 1. Prognostic value of DNA damage-inducible transcript 3 (DDIT3) protein expression in breast cancer patients. (A) Representative immunohistochemistry 
images showing DDIT3 expression in breast cancer tissues from a tissue microarray containing 140 formalin-fixed, paraffin-embedded tumors. Scale bars: 100 
μm; magnification: ×7.4. (B) Kaplan-Meier overall survival curves stratified by DDIT3 protein expression levels in all breast cancer patients.

B

A
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(p<0.01) and progesterone receptor-positive (PR+) tumors 
(p<0.05) (Figure 2B).

3.3. High expression of DDIT3 mRNA is a risk factor 
for survival of breast cancer patients

To evaluate the prognostic value of DDIT3 mRNA 
expression for the cumulative survival of breast cancer 
patients, univariate Cox proportional hazard regression 
analysis was performed. The results showed that, in addition 
to lymph node metastasis (HR: 0.421, 95% CI: 0.261–
0.679, p<0.001), pathological T stage (HR: 0.405, 95% CI: 
0.256–0.639, p<0.001), and TNM stage (HR: 0.300, 95% 
CI: 0.196–0.460, p<0.001), high DDIT3 mRNA expression 
was also an important risk factor affecting OS status (HR: 
0.375, 95% CI: 0.151–0.931, p=0.034) (Figure 3).

3.4. The decreased expression of DDIT3 can inhibit 
the proliferation, migration, and colony formation 
of breast cancer cells

MCF7 and Hs578T breast cancer cell lines were selected 
for interference experiments. The interference efficiency 
was confirmed by qPCR and Western blot analysis 
(Figure  4A and B, Figure A1A). It was found that the 
interference efficiency of DDIT3 exceeded 70% in both 
cell lines. The results of the CCK-8, colony formation, 
and Transwell assays showed that transfection of 
DDIT3 siRNA significantly inhibited breast cancer 
cell proliferation (p<0.01), migration (p<0.01), and 
colony formation ability of breast cancer cells (p<0.01) 
(Figure 4C-E).

Figure 2. Prognostic value of DNA damage-inducible transcript 3 (DDIT3) messenger RNA (mRNA) expression in breast cancer patients. (A) Kaplan-
Meier overall survival curves stratified by DDIT3 mRNA expression in the overall breast cancer cohort. (B) Kaplan-Meier overall survival curves stratified 
by DDIT3 mRNA expression across clinicopathological subgroups, including age, lymph node metastasis status, tumor, node, metastasis stage, pathological 
T stage, and estrogen receptor and progesterone receptor expressions.

B

A
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3.5. ATF2 may be a direct downstream 
target gene of DDIT3

Potential downstream target genes of DDIT3 were 
predicted using the transcriptional regulatory relationships 

Figure  3. Univariate analysis by Cox proportional hazards regression 
analysis of overall survival in the overall breast cancer cohort

Figure 4. DNA damage-inducible transcript 3 (DDIT3) acts as an oncogene affecting breast cell growth, colony formation, and cell migration. (A and B) 
Knockdown efficiency of DDIT3 in MCF7 and Hs578T cells was confirmed by quantitative polymerase chain reaction and Western blot. (C) Cell counting 
kit-8 assay showed that DDIT3 knockdown significantly inhibited the proliferation of breast cancer cells. (D) Transwell assays demonstrated that DDIT3 
knockdown markedly reduced breast cancer cell migration. Scale bar: 100 µm. (E) Colony formation assays revealed a significant decrease in the number 
of colonies in the DDIT3 knockdown group compared to the control. 
Notes: All data are presented as mean ± standard deviation from three independent experiments. *p<0.05, **p<0.01, and ***p<0.001

unraveled by sentence-based text (TRRUST) mining 
database (https://ngdc.cncb.ac.cn/databasecommons/
database), yielding 18 candidate genes (Figure  5A). 
Among these, the promoter activities of ANKRD1, ASNS, 
ATF2, ATF5, CEBPA, NOS3, SIRT1, and SIRT2 were 
predicted to be inhibited, and the promoter activities 
of ATG5, IL6, MAP1LC3 B, RTN3, and TRIB3 were 
predicted to be activated. The regulatory effects of DDIT3 
on TNFRSF10B, CDK2, CXCL8, TF, and MCL1 promoter 
activity remain unclear. Subsequent analysis of the TCGA 
breast cancer expression dataset revealed a significant 
negative correlation between ATF2 and DDIT3 expression 
(r = −0.4038, p<0.001) (Figure  5B). Consistent with the 
observed inhibition of ATF2 promoter activity, qPCR and 
Western blot analyses further confirmed the regulatory 
relationship between DDIT3 and ATF2 (Figures 5C and D 
and Figure A1B). These results collectively suggest that 
DDIT3 likely contributes to breast cancer pathogenesis and 
progression by modulating ATF2 expression, as illustrated 
in the proposed mechanistic model (Figure 5E).

D

CBA

E
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4. Discussion
Emerging evidence positions DDIT3 as a critical mediator 
of therapeutic resistance and tumor aggressiveness across 
multiple malignancies. DDIT3 dysregulation has been 
associated with ECL through activation of stress-adaptation 
pathways;17-19 accordingly, elevated DDIT3 expression has 
been linked to poor prognosis in some cancers. Similarly, 
DDIT3 has been used as an independent prognostic 
predictor in melanoma and early-stage non-small cell lung 
cancer.21,22 Consistent with these findings, elevated DDIT3 
expression has also been correlated with poor clinical 
outcomes in gastric cancer, where tumor tissues exhibit a 2.3-
fold increase compared with normal tissues.23 High DDIT3 
levels are also associated with reduced median survival 
in advanced gastric cancer.24 Despite these advances, the 
clinical significance and molecular mechanisms of DDIT3 
in breast cancer have remained largely unexplored. In 
the present study, immunohistochemical analysis of a 
TMA containing 140  cases revealed that cytoplasmic 
overexpression of DDIT3 was significantly correlated with 
reduced 5-year OS and advanced TNM stage. In addition, 

analysis of the TCGA breast cancer cohort showed that 
high DDIT3 mRNA expression predicted poorer prognosis 
in patients aged over 60  years, as well as in ER+, PR+, 
TNM stage I + II, pathological T3 + 4, and lymph node–
negative metastasis subgroups. To further confirm the 
predictive value of DDIT3 for OS in breast cancer patients, 
univariate Cox proportional hazard regression analysis 
was performed. Both univariate and multivariate analyses 
identified DDIT3 as an independent prognostic factor for 
OS, alongside established clinicopathological parameters 
such as lymph node metastasis and TNM stage.

In current clinical practice, prognostic evaluation 
of breast cancer primarily relies on well-established 
biomarkers, including the Ki-67 proliferation index, ER/
PR/human epidermal growth factor receptor 2 (HER2) 
status, and multigene assays such as Oncotype  DX. 
Although Ki-67 is a marker of cellular proliferation, its 
clinical utility is limited by interobserver variability and 
dynamic changes in expression during treatment. In 
contrast, DDIT3 exhibits more stable expression patterns 
in archival tissue specimens and may better capture 

Figure 5. Negative correlation between DNA damage-inducible transcript 3 (DDIT3) and activating transcription factor 2 (ATF2) expression in breast 
cancer. (A) Predicted downstream target genes of DDIT3 based on the transcriptional regulatory relationships unraveled by sentence-based text database. 
(B) Correlation analysis of ATF2 and DDIT3 expression in breast cancer samples from the Cancer Genome Atlas database. (C and D) DDIT3 and ATF2 
expression levels were assessed by quantitative polymerase chain reaction and Western blot. (E) Proposed schematic model illustrating the regulatory 
relationship between DDIT3 and ATF2 in breast cancer.
Notes: *p<0.05, **p<0.01, and ***p<0.001.
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stress-induced tumor adaptation mechanisms. Unlike 
ER/PR/HER2 status, which primarily informs subtype 
classification and targeted therapeutic strategies, DDIT3 
provides orthogonal prognostic information independent 
of hormone receptor signaling, potentially enabling 
the identification of high-risk subsets within luminal 
breast cancer. Compared with multigene assays such 
as Oncotype  DX, which integrates 21 genes to predict 
recurrence risk and chemotherapy benefit, DDIT3 offers 
a cost-effective single-gene biomarker while retaining 
prognostic granularity. Notably, our findings suggest that 
integrating DDIT3 with Oncotype DX may further improve 
risk stratification accuracy, suggesting potential synergistic 
clinical utility. However, the clinical translation of DDIT3 
as a prognostic marker requires further validation against 
gold-standard multigene assays across diverse populations. 
In addition, standardized detection protocols and dynamic 
monitoring of DDIT3 expression during therapy should 
be explored to fully define the clinical utility relative to 
existing established biomarkers.

DDIT3 has been reported to promote cancer stem cell 
stemness by upregulating CEBPB in gastric cancer.24 As a 
transcription factor, DDIT3 can mediate the transcription 
of BBC3 and BCL2L11,25 as well as the transcription of 
TNFRSF10B to participate in the apoptosis process induced 
by ER stress.26 Recent studies have shown that DDIT3 can 
directly or indirectly regulate multiple autophagy-related 
genes, contributing to the pro-survival processes mediated 
by autophagy.27 Therefore, to clarify the function of DDIT3 
in breast cancer, we conducted a preliminary exploration 
of functional experiments. Knockdown of DDIT3 in MCF7 
and Hs578T cell lines led to significant reductions in cell 
proliferation, colony formation, and migration of breast 
cancer cells, as assessed by CCK-8, colony formation assay, 
and Transwell assay, suggesting that DDIT3 may act as an 
oncogene in breast cancer.

DDIT3 can function both as an inhibitor of the nuclear 
transcription factor C/EBPβ28 and as an activator of other 
genes. In non-small cell lung cancer, DDIT3 mediates 
TNFRSF10A-dependent apoptosis in response to ER 
stress inducers.29 Additionally, DDIT3 has been reported 
to degrade electron transport chain proteins COQ9 and 
COX4, through mitochondria hydrolase LONP1, thereby 
inhibiting mitochondrial oxidative phosphorylation and 
reducing the excessive reactive oxygen species production.30 
Therefore, to investigate the specific mechanism by which 
DDIT3 contributes to breast cancer, we used the TRRUST 
database to predict downstream targets and identified 18 
putative target genes with DDIT3-responsive promoters. 
Among these, the promoter activities of ANKRD1, ASNS, 
ATF2, ATF5, CEBPA, NOS3, SIRT1, and SIRT2 were 

predicted to be inhibited, and the promoter activities 
of ATG5, IL6, MAP1LC3B, RTN3, and TRIB3 were 
predicted to be activated. However, the regulatory effects 
on TNFRSF10B, CDK2, CXCL8, TF, and MCL1 promoter 
activity remain unknown. Furthermore, correlation 
analysis using TCGA data showed a significant inverse 
association between DDIT3 and ATF2 expression, which 
was consistent with the TRRUST prediction. Therefore, 
we speculate that DDIT3 may promote the development of 
breast cancer by directly inhibiting ATF2 promoter activity.

ATF2, a DNA-binding protein of the leucine zipper 
family, regulates apoptosis via p53 stabilization31 and 
inhibits metastasis through the downregulation of 
MMP9.32 Loss of ATF2 expression correlates with 32% 
shorter disease-free survival in ER+ breast cancer and 
supports its role as a tumor suppressor in breast cancer.

5. Conclusion
Taken together, our findings identify DDIT3 as a pathological 
master regulator of breast cancer progression, validate 
its potential clinical utility as an independent prognostic 
biomarker, and unveil the DDIT3-ATF2 transcriptional 
axis as a potentially druggable vulnerability for targeted 
therapeutic intervention. Translational applications could 
include the incorporation of DDIT3 protein detection via 
immunohistochemistry staining into routine pathological 
reporting for breast cancer or the development of 
prognostic scoring models integrating DDIT3 mRNA and 
ATF2 expression levels. However, clinical translation faces 
three critical challenges, including the standardization of 
detection protocols, mechanistic complexity, and ensuring 
therapeutic safety. Advancing companion diagnostics and 
optimizing targeted delivery technologies may accelerate 
the translation of these findings from “bench to bedside.” 
This study has several limitations. The generalizability 
of DDIT3 as a prognostic biomarker is constrained by 
reliance on a single TCGA dataset and an institutional 
TMA cohort. Further validation using independent 
datasets, such as the Molecular Taxonomy of Breast Cancer 
International Consortium or Gene Expression Omnibus, 
is warranted to strengthen the evidence base and provide a 
solid foundation for clinical translation of DDIT3.
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Appendix

Figure A1. Original Western blot images for DNA damage-inducible transcript 3, activating transcription factor 2 (ATF2), and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) corresponding to Figures 4 and 5. (A) Western blot for DDIT3 (19 kDa) and loading control GAPDH (36 kDa). (B) Western blot 
for ATF2 (70 kDa) and loading control GAPDH (36 kDa).
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