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ABSTRACT
Aim: To elucidate the biological functionality and regulatory mechanisms of GdX in breast cancer (BC).
Methods: The examination of GdX expression in human BC tissues and cell lines was conducted through 
immunohistochemical (IHC) and Western blot. Cell proliferation capacity was assessed via the CCK-8 and 
colony formation assay, while cell migration was determined through the wound healing assay. The 
expression levels of BCL-XL, Cyclin D1, and C-myc gene were quantified using RT-qPCR and Western blot. 
In vivo tumor growth was evaluated in nude mice xenografted with MDA-MB-231 cells overexpressing 
GdX, and a mouse model with GdX-deficient BC was established to observe the impact of GdX on BC 
formation and metastasis. Dual-luciferase reporter assay and immunofluorescence were employed to 
confirm the interaction between GdX and STAT3. Western blot was employed to validate the influence of 
GdX overexpression on the phosphorylation process of STAT3.
Results: GdX exhibited low expression in the cancer tissues of BC patients and cell lines. MDA-MB-231 
and MCF-7 cells overexpressing GdX displayed a notable reduction in proliferation and diminished 
migratory capabilities, accompanied by downregulated mRNA and protein expression of BCL-XL, Cyclin 
D1, and C-myc. In the xenograft mouse model, heightened GdX expression correlated with a decelerated 
in vivo tumor growth. Furthermore, in mice deteleing GdX, both the quantity and weight of tumors 
increased, along with evident pulmonary metastasis. Mechanistically, STAT3 emerged as a downstream 
target gene of GdX.
Conclusions: GdX exerts its inhibitory effects on the initiation and progression of BC by negatively 
modulating the phosphorylation of STAT3.
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Introduction

Breast cancer (BC) stands as a prevalent malignant tumor that 
gravely jeopardizes the health of women, constituting a primary 
contributor to global female cancer-related fatalities.1 This 
malignancy originates in the breast cells and has the potential 
to metastasize to other organs within the body.2,3 Its clinical 
manifestations encompass palpable masses, pain, swelling, nip
ple discharge, or alterations in the shape and dimensions of the 
breast.4 With the exacerbation of environmental pollution, par
ticularly the proliferation of chemical products in daily life, the 
incidence of BC continues to escalate.5 In the past decade, 
notable progress has been achieved in the diagnostic realm 
of BC. Nevertheless, the overall prognosis for BC remains sub
optimal due to the majority of patients receiving an initial 
diagnosis at an advanced stage, often accompanied by 
metastasis.6,7 The complex biological process of BC proliferation 
and metastasis involves the activation or suppression of genes 
through epigenetic modifications.8 The precise molecular 
mechanisms remain predominantly elusive. Consequently, the 
identification of potential biomarkers, serving as indicators 
for BC, has been pivotal in mitigating its incidence and aug
menting the effectiveness of treatment.

GdX, situated as an X-linked gene in the G6PD cluster on 
the X chromosome (Xq28), is also recognized under the 
nomenclature Ubiquitin-like protein 4A (UBL4A), having 
been cloned by the Italian Daniela Toniolo research team in 
1988.9 GdX, recognized as a housekeeping gene encoding 
a petite protein featuring an N-terminal ubiquitin-like domain, 
does not exhibit any ubiquitin-related activity.10 Nevertheless, 
GdX possesses a diverse array of functions and actively parti
cipates in various cellular events, encompassing ER-associated 
degradation, mediation of cell death induced by DNA damage, 
involvement in bone modeling, modulation of inflammatory 
and innate immune responses, cell migration, and engagement 
in anti-tumorigenesis, among others,11–19 However, the biolo
gical functions of GdX in the regulation of signaling within the 
context of highly heterogeneous BC remain elusive.

The Signal Transducer and Activator of Transcription 
(STAT) family possesses the capability to integrate signals 
from cytokines and growth factors, thereby regulating the 
various cellular processes at the transcriptional level.20 

Among the seven members of the STAT family, STAT3, 
a pivotal component, exhibits sustained activation across all 
subtypes of BC. An escalating body of research underscores the 
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critical role played by activation of STAT3 in crucial processes 
in cells such as proliferation, apoptosis, angiogenesis, immune 
response, and metastasis in BC cells.21,22 Prior studies have 
identified that GdX has the capacity to stimulate the specific 
dephosphorylation of STAT3, thereby inhibiting the STAT3 
signaling pathway and consequently suppressing tumorigen
esis as well as tumor development. Wang et al., employing 
GdX-deficient mice, induced sustained activation of STAT3, 
providing evidence that the absence of GdX could promote 
tumorigenesis and tumor development in colitis-associated 
colorectal cancer by enhancing the activity of STAT3.23 

Hence, we posit that GdX might exert its anti-BC effects by 
modulating the phosphorylation levels of STAT3.

In this investigation, the assessment of GdX expression was 
conducted in clinical BC samples and BC cell lines. 
Subsequently, we established BC cells overexpressing GdX 
through lentiviral transfection, xenografts in mice, as well as 
purchase transgenic mice for hybridization to construct GdX 
knockout mice model. The aim of our study is evaluating the 
biological function of GdX and delve into the underlying 
regulatory mechanisms of GdX both in vivo and in vitro.

Material and methods

Clinical sample

Cancer and paracancerous tissue specimens from 185 patients 
diagnosed with BC between 2010 and 2020 at Beijing 301 hos
pital and The First Affiliated Hospital of Hainan Medical 
College were collected. The clinical data of the patients, 
encompassing age, clinical stage, pathology, P53 and pSTAT3 
level, among other parameters, were also obtained. The study 
adhered to the principles of the Declaration of Helsinki, with 
signed informed consent obtained from the patients or their 
family members. All experimental procedures received 
approval from the Medical Ethics Committee of The First 
Affiliated Hospital of Hainan Medical College (No. 2021082).

Cell culture

The human normal breast epithelial cell line (MCF-10a) and 
human BC cell lines (MDA-MB-231, MCF-7, SKBR3, HCC1937 
and MDA-MB-468) were procured from Procell Life Science & 
Technology Co., Ltd. (Wuhan, China). The cells were grown in 
RPMI-1640 medium containing 10% FBS, 100 mg/mL strepto
mycin, and 100 U/mL penicillin, keeping in a humidified incu
bator maintained with 5% CO2 at 37°C. The medium underwent 
replacement every 3 days, and cells were harvested upon reach
ing the logarithmic growth phase.

Animals

Ten female BALB/c nude mice (4–5 weeks old) were purchased 
from Sipeifu Biotechnology Co., Ltd. (Beijing, China). The 
MMTV-PyMT transgenic mice were obtained from Shanghai 
Model Organisms Center, lnc. (Shanghai, China), while the 
conventional GdX knockout mice were constructed and saved 
by our laboratory. The mice were housed in the specific patho
gen-free (SPF) animal room under a 12-hour light/dark cycle, 

room temperature maintained at 22 ± 2°C, humidity set at 
50%-60%, and free access to food and drinking water. All 
experimental procedures were approved by the Ethics 
Committee of Hainan Medical College (No. HYLL-2021-265).

Immunohistochemical (IHC)

IHC samples were derived from cancer and paracancerous 
tissues of BC patients. After fixation, embedding, and dehy
dration, the tumor specimens were sliced into 5 μm sections. 
Following blocking, the sections were incubated overnight at 
4°C with a specific rabbit polyclonal antibody against GdX. 
After washing with PBS, the sections were incubated with 
a secondary antibody at room temperature for 20 minutes. 
DAB staining solution was employed for staining, and coun
terstaining was performed with hematoxylin. Finally, the sec
tions were observed under a microscope (Olympus CX41, 
Olympus Company, Japan).

Western blot

Protein samples were prepared from breast cells or tumor 
tissues using RIPA buffer (BioTeke, Beijing, China). Equal 
amount of total protein was separated using 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE), followed by transferred onto polyvinylidene difluoride 
(PVDF) membranes for blotting. The membrane was blocked 
with 5% skimmed milk for 1 h at room temperature, and then 
incubated with primary antibodies against GdX (Proteintech, 
1: 1000), Bcl-XL (Proteintech, 1: 1000), c-Myc (Proteintech, 1: 
2000), Cyclin D1 (Proteintech, 1: 5000), STAT3 (Cell Signaling 
Technology, 1: 1000), phospho-STAT3 (p-STAT3) (Cell 
Signaling Technology, 1: 2000), and GAPDH (Cell Signaling 
Technology, 1: 1000) at 4°C overnight. Subsequently, the 
membrane was incubated with HRP-Goat anti-rabbit second
ary antibodies (Abcam, 1:10000) at room temperature for 2 h. 
The visualization of protein bands was achieved through the 
chemiluminescence (ECL) substrate (Thermo Fisher), fol
lowed by quantitative analysis by Image J software.

GdX overexpression

GdX overexpression was achieved through the transfection of 
cells with lentivirus. The complementary DNA (cDNA) of 
GdX was successfully cloned into lentivirus-based vectors 
(GeneChem, China) in accordance with the manufacturer’s 
protocols. Subsequently, the empty vector or GdX- 
overexpressing (GdX-OE) lentivirus was employed for trans
fecting MDA-MB-231 and MCF-7 cells. Stable cell lines were 
selected using puromycin to ensure stable integration of the 
lentiviral construct. The efficiency of GdX overexpression was 
assessed through RT-qPCR and Western blot, confirming the 
successful establishment of GdX overexpression cell lines.

Quantitative real-time polymerase chain reaction 
(qRT-pcr)

TRIzol reagent (Invitrogen, USA) was utilized to isolate total 
RNAs from OS cells lines, and the PrimeScriptTM RT reagent 
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kit (TransGen Biotech, China) was applied to reverse-transcribe 
the RNAs into cDNA. Afterward, the qPCR was conducted using 
an ABI Stepone plus fluorescence quantitative PCR instrument. 
The analysis of the relevant mRNA expression levels was carried 
out using the 2–ΔΔCt method, and GAPDH functioned as the 
internal reference. The sequences of the primers were as follows: 
GdX: sense, 5’-TCAGCAAGGC AGTGTCAGAG-3’; antisense, 
5’- GAGGATGAACC GGAACCCAG-3’; Bcl-XL: sense, 5’- 
CGAGCAGTC AGCCAGAATC-3’; antisense, 5’-ATTGA 
TGGCA CTGGGGGTCT-3’; c-Myc: sense, 5’-TGAGCCCC 
TAGTGCTGCAT-3’; antisense, 5’-AGCCCGACT CCGACC 
TCTT-3’; Cyclin D1: sense, 5’-GACACCAATCT CCTCA 
ACGAC-3’; antisense, 5’- CCTCTTCGC ACTTCTGCTC-3’; 
GAPDH: sense, 5’-AATGTGTCCG TCGTGGATCT-3’; anti
sense, 5’-CATCGAAGGT GGAAGAGTGG-3’. The thermal 
cycling conditions were set to 96°C for 5 minutes, followed by 
40 cycles of 95°C for 30 seconds and 68°C for 20 seconds.

Cell viability assay

Cells were seeded into 96-well plates at a density of 5000 cells 
per well and cultured for 24 hours. Subsequently, 10 µl of 
CCK-8 solution (BBI Life Sciences) was added to each well 
and incubated for 1 hour at 37°C in darkness. Absorbance at 
450 nm was measured utilizing a microplate reader (Multiskan 
MK3, Thermo Labsystems).

Colony formation assay

MDA-MB-231 and MCF-7 cells were seeded in the culture 
plates at a density of 1.5 × 103 cells per well and incubated at 
37°C in a 5% CO2 atmosphere for 1 week to allow colony 
formation. The plates were subsequently stained with crystal 
violet solution for 30 minutes.

Wound healing assay

MDA-MB-231 and MCF-7 cells were cultured in 6-well plates 
until they reached 70–80% confluency. Subsequently, the tips 
of sterile pipette heads were gently used to create straight 
scratches. Samples were collected at 0 hours and 24 hours of 
co-culture to observe cell migration. Images were captured via 
an inverted microscope, and the width of the scratch before 
and after co-culture was measured for analysis using Image 
J software.

Xenograft nude mice model

MDA-MB-231 cells transfected with empty vector or GdX- 
overexpressing lentivirus were subcutaneously injected into 
the mammary fat pads of each nude mice at 
a concentration of 1 × 107 cells per mouse to establish the 
xenograft model (n = 5/group). Tumor size was measured 
every two days, and the tumor volume were calculated 
(Tumor volume = 0.5×length×width.2 Continuous measure
ments and records were maintained for both tumor volume 
and body weight. Upon euthanizing the mice on the 
30th day, tumors were excise, weighed, photographed, and 
prepared for subsequent analyses.

Generation of GdX knockout mice

GdX knockout mice were generated using CRISPR/Cas9- 
mediated genome engineering. The guide RNA (gRNA) was 
designed to target the GdX gene exons and was co-injected 
with Cas9 into fertilized eggs. By crossing candidate knockout 
founder mice and wild-type mice, homozygous GdX knockout 
(GdX−/−) progeny were successfully generated via brother- 
sister matings. Subsequently, female GdX−/− mice were bred 
with male MMTV-PyMT mice to produce homozygous PyMT 
GdX−/− offspring. Female PyMT GdX1+/+ littermate mice 
served as the control. Palpable tumors of both PyMT GdX−/− 

and PyMT GdX1+/+ mice were monitored weekly. After eutha
nasia, lung tissues of mice were harvested, photographed, and 
weighed.

Dual-luciferase reporter assays

The wild-type (WT) or mutant (MUT) sequences of STAT3 
3’UTR, containing the putative GdX binding sites, were 
inserted into the pmirGLO plasmid (Promega, USA) to con
struct STAT3-WT and STAT3-MUT, respectively. 
Subsequently, cells were transfected with GdX-NC or GdX- 
overexpressing lentivirus along with corresponding luciferase 
reporter vector for 48 hours. The luciferase activity was 
assessed utilizing the Dual-luciferase ReporterⓇ Assay System.

Immunofluorescence

MDA-MB-231 cells were collected, and fixed with 4% paraf
ormaldehyde, and blocked using 5% BSA. Following this, the 
cells were subjected to treatment with primary antibodies at 
4°C overnight. After three washes with PBS, the cells were 
subsequently incubated with the secondary antibody for 
1 hour. Cellular imaging was performed through 
a fluorescence microscope to observe the co-localization of 
GdX and STAT3 within the cells.

Statistical analysis

All data were expressed as the mean ± standard deviation (SD). 
PRISMⓇ GraphPad 8.0 software, Tukey’s post-hoc tests, and 
one- or two-way analysis of variance (ANOVA) were con
ducted to analyze all data. Each sample was evaluated in 
a minimum of three experimental replicates, and p < .05 was 
considered a significant level.

Results

Correlation of GdX expression in BC patients and cells

In order to elucidate the expression of GdX in BC, tumor 
and paracancerous tissues from 185 patients definitively 
diagnosed with BC at our institution were subjected to 
IHC staining. The results revealed that GdX was predomi
nantly expressed in the paracancerous tissues, while exhi
biting low expression in the tumor tissues (Figure 1a). 
Further validation through Western blot analysis demon
strated significantly lower protein expression levels of GdX 
in the BC cell lines MCF-7 and MDA-MB-123 compared 
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to the non-tumorigenic breast epithelial cell line MCF-10a 
(p < .001, Figure 1b). Based on the levels of GdX expres
sion, we categorized the 185 BC patients into two groups. 
Survival analysis revealed a negative correlation between 
GdX expression and BC prognosis, where higher GdX 
expression was associated with longer disease-free survival 
(DFS) and overall survival (OS) for patients (Figure 1c-d). 
Moreover, a further correlation analysis was conducted 
between GdX expression levels in the 185 BC patients 
and various clinicopathological indicators. The results indi
cated that the expression level of GdX was primarily asso
ciated with the primary tumor size, estrogen receptor 
therapy, chemotherapy status, as well as the expression 
levels of P53 and pSTAT3 (Table 1).

Validation of transfection efficiency of BC cells 
overexpressing GdX

Clinical tissue and cell samples consistently demonstrate an 
inverse correlation between the malignancy of tumors and the 
expression levels of GdX. To further investigate the impact of 
GdX on the malignant progression of BC cells, we constructed 

GdX overexpression lentivirus and transfected them into 
MCF-7 and MDA-MB-231 cells with relatively lower levels of 
GdX expression. As depicted in Figure 2, the results from RT- 
qPCR and Western blot analyses confirm the successful con
struction of BC cell lines MCF-7 and MDA-MB-231 with GdX 
overexpression.

The influence of GdX levels on the malignant progression 
of BC

In vitro, the impact of GdX on the proliferative capacity of 
MDA-MB-231 and MCF-7 cells was assessed through CCK-8 
assay (Figure 3a) and colony formation assay (Figure 3b). The 
results revealed a significant inhibition in the proliferation of 
MDA-MB-231 and MCF-7 cells upon GdX overexpression. 
Additionally, wound healing assay demonstrated that GdX 
overexpression markedly inhibited the migration of MDA- 
MB-231 and MCF-7 cells (Figure 3c). Furthermore, the expres
sion levels of anti-apoptotic gene BCL-XL, cell cycle proteins 
Cyclin D1, and C-myc gene were evaluated through RT-qPCR 
(Figure 3d–e) and Western blot experiments (Figure 3f–g). 
The findings indicated a markedly inhibition in both mRNA 

Figure 1. Correlation of GdX expression in breast cancer patients and cells. (a) Immunohistochemical staining was employed to analyze the expression of GdX in both 
breast cancer and adjacent normal tissues. (b) Western blot assays were conducted to assess the protein levels of GdX in the human normal breast epithelial cell line 
(MCF-10a) and human breast cancer cell lines (MDA-MB-231, MCF-7, SKBR3, HCC1937 and MDA-MB-468). ***, p < .001, vs. MCF-10a. (c) The disease-free survival rate 
and (d) overall survival rate was analyzed in the breast cancer patients with GdX high expression (n = 115) and low expression (n = 70).
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and protein expression of these three factors upon GdX over
expression, underscoring the role of GdX overexpression in 
impeding the malignant progression of BC cells.

A nude mouse xenograft model was established to validate 
the impact of GdX on in vivo BC growth. As depicted in 
Figures 4a–c, the tumor volume and weight were significantly 
reduced in the GdX-OE group compared to the GdX-NC 
group. Tumor tissues of mice from both groups were collected, 
and GdX expression was assessed through RT-qPCR. The 
results revealed a substantial increase in GdX mRNA expres
sion in the GdX-OE group compared to the GdX-NC group (p  

< .001, Figure 4d), confirming the successful construction of 
the mouse model with GdX overexpression. Consistently, the 
expression levels of the anti-apoptotic gene BCL-XL, cell cycle 
proteins Cyclin D1, and C-myc gene were in line with the 
in vitro findings (Figure 4e–f).

Afterward, we aimed to observe the effect of GdX on BC 
formation and metastasis by constructing a mouse model with 
GdX deficiency. Female mice with specific knockout of GdX 
that have been constructed in our laboratory were mated with 
transgenic male MMTV-PyMT mice to obtain homozygous 
PyMT GdX−/− mice (Figure 5a). Furthermore, PyMT GdX−/− 

Table 1. Relationship between gdx expression and clinicopathologic factors in 185 patients with breast cancer.

Clinicopathological features Category Total number (n = 185)

GdX expression

P ValueHigh (n = 115) Low (n = 70)

Age 54 ± 11.7 51.1 ± 11.8 0.1049
T grade: tumor size ≥T2 106 56 (52.8%) 50 (47.2%) 0.0022**

≤T1 79 59 (74.7%) 20 (25.3%)
Lymphatic invasion Negative 120 78 (65.0%) 42 (35.0%) 0.2811

Positive 65 37 (56.9%) 28 (43.1%)
Stage ≥IIB 54 29 (53.7%) 25 (46.3%) 0.1302

≤IIA 131 86 (65.6%) 45 (34.4%)
Pathology DCIS 13 9 (69.2%) 4 (30.8%) 0.7298

IDC/NOS 162 99 (61.1%) 63 (38.9%)
Others 10 7 (70.0%) 3 (30.0%)

Menopause MP- 82 50 (61.0%) 32 (39.0%) 0.7666
MP+ 103 65 (63.1%) 38 (36.9%)

Anti-Estrogen therapy None 58 26 (44.8%) 32 (55.2%) 0.0011**
Performed 127 89 (70.1%) 38 (29.9%)

Chemotherapy None 89 66 (74.2%) 23 (25.8%) 0.0011**
Performed 96 49 (51.0%) 47 (49.0%)

Radiation None 64 39 (60.9%) 25 (39.1%) 0.8029
Performed 121 76 (62.8%) 45 (37.2%)

ER Negative 92 52 (56.5%) 40 (43.4%) 0.1152
Positive 93 63 (67.7%) 30 (32.3%)

P53 Abnormal 52 24 (46.2%) 28 (53.8%) 0.0054**
Normal 133 91 (68.4%) 42 (31.6%)

pSTAT3 Negative 124 85 (68.5%) 39 (31.5%) 0.0112*
Positive 61 30 (49.2%) 31 (50.8%)

Figure 2. Validation of transfection efficiency of breast cancer cells overexpressing GdX. (a) RT-qPCR and (b) Western blot analyses were employed to assess the 
transfection efficiency of GdX in MCF-7 cells. (c) RT-qPCR and (d) Western blot analyses were conducted to evaluate the transfection efficiency of GdX in MDA-MB-231 
cells. *, p < .05, ***, p < .001, vs. GdX-nc.
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mice exhibited an increased number and weight of tumors 
compared to PyMT GdX1+/+ littermate mice (Figure 5b), 
along with evident pulmonary metastasis (Figure 5c).

GdX specifically interacts with STAT3

The effect on STAT3 transcription under GDX overexpression 
or normal conditions was examined by dual luciferase assay, 
revealing that STAT3 serves as a downstream target gene of GdX 
(Figure 6a). Furthermore, for a more intuitive understanding of 
the expression distribution and the specific site of the two 
interacting proteins within the cells, immunofluorescence stain
ing experiments were conducted. The results illustrated a clear 
co-localization of GdX and p-STAT3 in the cell nucleus, further 
indicating their interaction (Figure 6b). Subsequently, in vivo 
Western blot experiments were conducted to verify the effect of 
GdX overexpression on the phosphorylation process of STAT3. 
The results indicated that GdX overexpression significantly 
reduced STAT3 phosphorylation (p < .01, Figure 6c).

Discussion

BC emerges as a global health concern, impacting women world
wide and leading to severe morbidity and mortality.24 Tumor 
progression involves multiple factors, including cell proliferation, 
migration, cell cycle regulation, and metastasis. Existing literature 
indicates that GdX suppresses proliferation and metastasis in 
pancreatic ductal adenocarcinoma,25 and overexpression of 
GdX has been shown to cause tumor regression in B16 cells.23 

In this study, we found that GdX expression was downregulated 
in BC patients and cell lines and was associated with poor DFS 
and OS. Both in vitro cell experiments and in vivo xenograft 
models demonstrated that GdX overexpression significantly 
inhibits BC progression. Conversely, GdX deficiency in mice 
resulted in increased tumor quantity and weight, along with 
notable pulmonary metastases. Mechanistically, GdX negatively 
regulates the STAT3 pathway, with overexpression leading to 
reduced STAT3 phosphorylation. This study suggests that target
ing the GdX-STAT3 axis could be a promising therapeutic strat
egy for BC treatment.

Figure 3. The impact of GdX overexpression on the malignant progression of MDA-MB-231 and MCF-7 cells was assessed in vitro. (a) CCK-8 assay and (b) colony 
formation assay were conducted to examine the influence of GdX overexpression on the proliferative capacity of MDA-MB-231 and MCF-7 cells. (c) Wound healing 
assay was employed to evaluate the effect of GdX overexpression on the migratory ability of MDA-MB-231 and MCF-7 cells. (d–e) rt-qPCR and (f-g) Western blot 
analyses were performed to measure the expression levels of the anti-apoptotic gene BCL-XL, cell cycle protein cyclin D1 and C-myc in MDA-MB-231 and MCF-7 cells 
overexpressing GdX. *, p < .05, **, p < .01, vs. GdX-nc.
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GdX, a single-copy gene conserved across evolution, is 
located on Xq28 and comprises 157 amino acids. Previous 
research indicates that GdX functions as a companion protein, 
facilitating the transport and processing of newly synthesized 
polypeptides within the endoplasmic reticulum.26 It also plays 
a role in regulating migration, innate immune responses,14 and 
DNA-damage-induced cell death.13 In our study, we observed 
that GdX was downregulated in BC tissues and cell lines, 
correlating with poor prognosis, suggesting that GdX could 
serve as a potential prognostic biomarker for BC. This is 
consistent with findings from Chen et al.,11 who analyzed 
UBL4A expression in PDAC patients and found that lower 
UBL4A protein levels were associated with worse outcomes. 

The overexpression of GdX holds significant clinical potential 
for BC treatment, although further research is needed to fully 
elucidate its biological functions and mechanisms in BC. In 
our functional experiments, overexpression of GdX inhibited 
the progression of BC, the expression of several pro-growth 
genes crucial for tumor cell proliferation and survival, includ
ing Bcl-XL, Cyclin D1, and C-myc,27–29 were examined in 
MDA-MB-231 and MCF-7 cells transfected with GdX, reveal
ing an inhibitory effect on their expression, aligning with 
consistent outcomes in in vivo experiments. Furthermore, the 
mortality of BC patients is predominantly attributed to 
metastasis,3,30 and our GdX-deficient mouse model showed 
increased tumor growth and pulmonary metastasis, further 

Figure 4. The impact of GdX overexpression on the malignant progression of breast cancer in vivo. (a) Gross images of the tumors. (b) Tumor weight. (c) Tumor volume. 
(d) RT-qPCR was employed to detect the mRNA expression of GdX in the tumors. (e) RT-qPCR and (f) Western blot analyses were performed to measure the expression 
levels of the anti-apoptotic gene BCL-XL, cell cycle protein cyclin D1 and C-myc in tumor tissues. **, p < .01, ***, p < .001, vs. GdX-nc.

Figure 5. Effect of GdX deficiency on breast cancer formation and metastasis. (a) Schematic representation showing the generation of MMTV-PyMT mice with 
conventional GdX knockout. (b) The quantity and weight of tumors in mice; (c) pulmonary metastasis. **, p < .01, ***, p < .001, vs. GdX−/−.
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highlighting the critical role of GdX in BC progression and its 
potential as a prognostic biomarker and therapeutic target for 
drug development.

It is noteworthy that the anti-apoptotic gene BCL-XL, 
the cell cycle protein Cyclin D1 and C-myc are all down
stream target genes of the cancer-associated gene STAT3,31 

which prompts our speculation that GdX might exert its 
anti-BC effects by modulating STAT3 activity. The activa
tion of STAT3 holds crucial significance for the rapid 
proliferation of tumor cells, as it actively participates in 
both cell proliferation and survival. Corresponding to its 
role in cell proliferation, the STAT3 signaling pathway also 
has the capability to suppress apoptosis in cancer cells.32,33 

Earlier studies have documented that GdX inhibits tumor
igenesis by inducing the dephosphorylation of STAT3.23 In 
our study, STAT3 has been confirmed as a downstream 
target gene of GdX, with a conspicuous colocalization of 
GdX and phosphorylated STAT3 (p-STAT3) observed 
within the cell nucleus. Moreover, in vivo Western blot 
experiments have substantiated that the overexpression of 
GdX significantly diminishes the phosphorylation of 
STAT3. These findings collectively imply that GdX oper
ates as a tumor suppressor by regulating the phosphoryla
tion status of STAT3. Previous studies have shown that 
GdX promotes STAT3 dephosphorylation by mediating the 
interaction between TC45 (the nuclear isoform of TC-PTP) 
and STAT3.23 Additionally, GdX is involved in inflamma
tion-related tumorigenesis through the regulation of 
p-STAT3, and its role in inflammatory signaling pathways, 
such as NF-κB signaling, has been well established in 
inflammatory diseases.15 However, the specific molecular 
mechanisms underlying the interaction between GdX and 
STAT3, as well as the signaling pathways involved, warrant 
further investigation. Moreover, exploring the potential 
links between GdX and other breast cancer-related genes 

or signaling pathways, such as Src and JAK activation in 
STAT3-related breast cancer cells,23 may provide new 
research perspectives and therapeutic targets to improve 
the prognosis of BC patients.

Conclusions

Collectively, our findings reveal a significant downregulation 
of GdX expression in BC tumor samples and human BC cell 
lines, correlating negatively with a poor prognosis. Our study 
has elucidated the pivotal role of GdX in inhibiting the 
proliferation and migration of BC cells by suppressing the 
phosphorylation of STAT3. Furthermore, in vivo experi
ments, involving both GdX overexpression and knockout, 
have validated its influence on the malignant progression 
of BC and pulmonary metastasis. The outcomes of our 
research provide valuable insights for prognostic prediction, 
personalized therapy guidance, and the exploration of novel 
targeted treatment strategies in the context of BC.
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Figure 6. GdX specifically interacts with STAT3. (a) Dual luciferase assay results indicate that STAT3 is a downstream target gene of GdX; (b) immunofluorescence 
staining reveals the colocalization of GdX and p-STAT3 in the cell nucleus; (c) Western blot analysis assesses the impact of GdX overexpression on the phosphorylation 
levels of STAT3. *, p < .05, **, p < .01, ***, p < .001, vs. GdX-nc.
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