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ABSTRACT 

 

The impacts of the CXC motif chemokine 12 (CXCL12)/ C-X-C chemokine receptor type 4 

(CXCR4) axis on the infiltration of anti-tumor and pro-tumor immune cells in the tumor 

microenvironment (TME) of breast cancer (BCa) have been noted in previous studies. Accordingly, 

regulating the downstream signals of this axis can effectively increase CD8+ cytotoxic T cells and 

decrease the frequency of immunosuppressive cells in the TME. This study investigated the anti-

tumor effects of N, N''-thiocarbonylbis (N'-(3,4-dimethylphenyl)-2,2,2 trifluoroacetimidamide) 

(A1), a novel fluorinated CXCR4 inhibitor on a BCa cell line.  

In this study, the impacts of A1 on cell viability, proliferation, apoptosis, and cell cycle were 

examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and flow 

cytometry assays. Moreover, the effect of A1 on the number of CXCR4+ 4T1 cells was measured 

by flow cytometry.  

A1 treatment exhibited cytotoxic effects on 4T1 cells, promoting cell apoptosis and G2/M cell 

cycle arrest. In addition, A1-treated cells showed a reduced cell proliferation than CXCL12 treated 

cells. Furthermore, treatment with A1 alongside CXCL12 significantly decreased the number of 

CXCR4+ cells compared to the control group treated with only CXCL12 as a proliferator factor.  

These results indicate that A1 exerts potential anti-tumor effects and may serve as a possible 

therapeutic agent for BCa treatment; however, further studies are required. 
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INTRODUCTION 

 

Breast cancer (BCa) is one of the most common 

malignancies, representing an enormous concern for 

women worldwide.1 According to the molecular 

subtypes of BCa, triple-negative breast cancer (TNBC) 

exhibits lack of expression of three steroid hormone 

receptors (SHRs), including estrogen-receptor (ER), 

progesterone-receptor (PR), and human epidermal 

growth factor receptor 2 (HER2), which are observed in 

about 15-20% of BC patients.2 Nevertheless, to date, 

there is no targeted therapeutic approach for TNBC 

treatment. TNBC represents a remarkable 

recurrence/metastasis rate, resulting in short recurrence 

interval and high mortality.3 Previous studies have 

demonstrated that  dysregulated immune system and its 

components contribute to the pathogenesis of TNBC and 

are  associated with poor prognosis.4  

Cytokines and chemokines, as essential immune 

system mediators, can be produced by various immune 

and non-immune cells and are responsible for multiple 

pro-tumor and anti-tumor immune responses within the 

breast tumor microenvironment (TME).5 Evidence 

shows the potent contribution of chemokine ligands and 

receptor profiles in several cancers based on the location 

of tumor cells.6,7 Therefore, the imbalance in chemokine 

production and their relative receptors is a critical factor 

in enhancing the pathological features of TNBC.8 

Furthermore, to improve overall survival (OS) and 

further reduce the recurrence/metastasis rate from 

TNBC patients, the development of targeted therapies is 

necessary.3 In this regard, chemokines and their  

receptors have been identified as potential targets for 

cancer therapy.9 Among these chemokine receptors, 

CXC chemokine receptor 4 (CXCR4) is a seven trans-

membrane and G protein-coupled receptor that can 

activate various downstream signaling pathways like 

mitogen-activated protein kinases (MAPKs), 

phosphoinositide 3-kinases (PI3Ks), and Wnt following 

the binding of its ligand CXC motif chemokine 12 

(CXCL12). This binding ultimately regulate migration, 

adhesion, and survival.10,11 Furthermore, the 

CXCL12/CXCR4 axis is pivotal in tumor progression by 

inducing angiogenesis, cell proliferation, immune 

evasion, and metastasis in various malignancies, 

including leukemia, multiple myeloma, and BCa,12,13 

Previous studies have indicated an association between 

CXCR4 overexpression, poor prognosis, and multiple 

organ metastasis in BCa patients.14,15 In recent years, 

several attempts have been made to develop effective 

anti-tumor agents focused on targeting chemokine 

receptors, although only a few drugs have been clinically 

approved.16 AMD3100 (plerixafor) is a well-studied 

small molecule drug that can pharmacologically block 

the CXCR4 binding site and reduce the interaction 

betweentumor and stroma cells.17 In this way, 

pharmacological inhibition of CXCR4 via AMD3100 

administration has provided promising outcomes in BCa 

trials.17,18  

Interestingly, previous studies have demonstrated 

that involving a single fluorine atom or trifluoromethyl 

group (-CF3) within the structure of active compounds 

leads to higher membrane permeability and enhanced 

metabolic stability, resulting in greater bioavailability 

and pharmacological activity.19 Due to the controversial 

effects of AMD3100 in TNBC, we designed and 

synthesized A1, a trifluoromethyl CXCR4 inhibitor, to 

enhance lipophilicity, bioavailability, and anti-tumor 

activity. According to our recently published study on 

the CT26 colorectal cancer cell line, A1 demonstrated 

more promising anti-tumor effects than AMD3100 both 

in silico and in vitro.20 These findings suggest that A1 

may provide beneficial effects through various 

malignancies. Accordingly, this study aims to assesses 

the anti-tumor effects of A1 on the 4T1 mouse TNBC 

cell line.  

 

MATERIALS AND METHODS 

 

Fluorinated CXCR4 Inhibitor A1  

Our previous in silico studies and molecular docking 

confirm the binding ability of A1 to CXCR4 compared 

to AMD3100.20 Furthermore, following in silico studies, 

A1 was synthesized based on chemical processes, and 

the drug was characterized by Fourier-transform 

infrared spectroscopy (FTIR) and nuclear magnetic 

resonance (NMR) presented in Khorramdelazad et al 

study.20  

 

Cell Culture 

Mouse TNBC cell line 4T1 was purchased from the 

Pasteur Institute of Iran (Tehran, Iran) and cultured in 

DMEM/F-12 (Dulbecco’s Modified Eagle 

Medium/Nutrient Mixture F-12) (Gibco, USA) 

supplemented with 10% FBS and 1% antibiotics at 37°C 

in a 5% CO₂ environment. The viability of cultured 4T1 

cells was>98%, as examined by the trypan blue staining 

procedure. 
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Cell Viability and Proliferation Assays 

To analyze the effect of A1 on cell viability, 

determine the 50% inhibitory concentration (IC50) value, 

and define the cell proliferation, the MTT assay [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 

a tetrazole] (Sigma, USA) was performed.21 In this 

assay, 4T1 cells (5,000 cells/well) were seeded in a 96-

well plate and incubated overnight in serum-free 

DMEM. Subsequently, cells were treated with varying 

concentrations of A1 (0-200 μg/mL) for 24, 48, and 72 

hours.  After treatment, 20 µL of MTT solution was 

added, followed by 100 µL of DMSO. The absorbance 

was measured at 570 nm using an ELISA microplate 

reader (BioTech Ltd, USA). Also, DMSO was served as 

a negative control. The optimal results for determining 

IC50 were obtained at the 72 hours time point and for 

proliferation assessment, the analysis was conducted at 

a concentration of 10 µg/mL for 72 hours. Moreover, 

CXCL12 served as a positive control, and untreated cells 

were used as a negative control in proliferation assay. 

 

Apoptosis Evaluation 

4T1 cells (2 x 10⁵ cells/well) were seeded in a 12-

well plate and treated with A1 at its IC50 concentration 

(102 μg/mL) for 72 hours to assess A1-induced 

apoptosis. Cells were stained with Annexin-V-FLUOS 

and propidium iodide (PI) to differentiate apoptotic and 

necrotic populations. Moreover, untreated cells were 

included as a negative control. Flow cytometry analysis 

(BD Bioscience FACScaliber, USA) was conducted in 

triplicate. 

 

Analysis of Cell Cycle Arrest 

For cell cycle analysis, 1×105 4T1 cells/well were 

cultured into six-well plates containing 102 μg/mL of A1 

and incubated for 72 hours. After the incubation, the 

supernatant was removed, the cells were washed twice 

with PBS, and trypsinized for detachment from the 

bottom of each well. The suspended cells were then 

fixed with cold methanol for 24 hours and treated with a 

mixture of RNase and propidium iodide (2 μg/mL). 

Finally, cell cycle arrest was measured by BD 

Bioscience FACScaliber flow cytometer (BD, USA).  

 

Flow cytometric analysis of CXCR4 expression 

To determine the number of CXCR4+ 4T1 cells by 

flow cytometry, various treatments were conducted, 

including 102 µg/mL of A1, 100 ng/mL of CXCL12 

(R&D Systems), and a combination of CXCL12 

(100 ng/mL) with A1 (102 µg/mL). After 72h 

incubation, cells were stained with PE-conjugated anti-

CXCR4 monoclonal antibodies (R&D Systems) and 

incubated at 4°C for 30 minutes. Subsequently, 4T1 cells 

were assessed on a BD FACScaliber flow cytometer 

(BD, USA). Mouse IgG1 isotype control antibodies 

(R&D, USA) were included to confirm result accuracy. 

 

Statistical Analysis 

All experiments were conducted in triplicate, with 

each experiment repeated three times independently. 

The normality of data distribution was assessed using 

the Shapiro-Wilk test, which is appropriate for smaller 

sample sizes. For normally distributed data, 

comparisons between two groups were performed using 

Student’s t-tests (unpaired). For comparisons involving 

three or more groups, ANOVA was employed, followed 

by Tukey's post-hoc test for group-wise comparisons. 

Data are presented as mean ± SD, and a p value of less 

than 0.05 was considered statistically significant. All 

analyses were conducted using GraphPad Prism 9 

(GraphPad Prism Inc., USA).  

 

RESULTS 

 

Cytotoxicity and Proliferation 

MTT assay was performed to determine the 

cytotoxicity of A1 on 4T1 cells at 24, 48, and 72h. 

Results showed that 4T1 cells were sensitive to the 

cytotoxic effect of A1. A1 from 12.5 to 200 μg/mL could 

increase cell death in the 4T1 cell line. Notably, 50% of 

4T1 cells were eliminated in vitro at 102 μg/mL as IC50 

concentration, as shown in Figure 1a after 72h. The 

proliferation assay results revealed a significant 

decrease in cell proliferation by treating cells with A1 

(10 μg/mL) plus 100 ng/mL CXCL12 compared to cells 

treated with CXCL12 alone (p=0.0037) and A1 alone 

(p<0.0001) after 72 hours. However, treating cells with 

either CXCL12 or A1 significantly increased cell 

proliferation compared to the untreated control group 

(p=0.0182 and p=0.0002 respectively). Moreover, 

treatment with A1 elevated cell proliferation compared 

to CXCL12 (p=0.0167) in 72hours (Figure 1b). 

 

Cell Apoptosis  

The effect of A1 on cell apoptosis was assessed by 

Annexin V/ Propidium iodide (PI) staining on 4T1. Our 

analysis demonstrated a significant increase in the 

percentage of apoptotic A1-treated 4T1 cells compared 
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to the untreated group as a negative control. A1 

treatment resulted in a 30.83% increase in late apoptosis, 

while untreated cells show 13.98% late apoptosis 

(p=0.044). Moreover, treating cells with A1 led to 

remaining 29.7% live cells compared to 54.16% in the 

untreated cells (p<0.0001) (Figure 2a, b, and c). 

Additionally, the percentage of necrosis was 31.1% in 

treated cells and 25.1% in untreated cells. The 

percentage of early apoptosis was 8.36% in treated cells 

and 8.09% in untreated cells. These findings suggest 

increased cell apoptosis following treatment of 4T1 cells 

with 102 μg/mL of A1 after 72 h. 

 

Cell Cycle Arrest 

Cell cycle distribution in 4T1 cells was also 

determined using flow cytometry analysis after 72h 

treatment with A1 at a 102 μg/mL concentration. A1 

treatment led to a 13% decrease in S phase frequency, 

whereas untreated cells increase 14.57% S phase 

frequency (p=0.011). Moreover, treating cells with A1 

resulted in an increase of 6.47% frequency of G2 phase 

compared to 3.90% in untreated cells (p=0.028) (Figure 

3a, b, and c). These results suggest that A1 

administration may induce cell cycle arrest at the G2/M 

phase in 4T1 cells. 

 

Figure 1. Effects of A1 on viability and proliferation of 4T1 cells. After 24 h incubation, cells growing in 96-well plates were 

treated with A1 for 24, 48, and 72h. 50% inhibitory concentration (IC50) value, log IC50, and R squared of A1 treatment for 

4T1 cells are depicted in Figure (a). A1 at 10 μg/mL plus 100 ng/mL of CXC motif chemokine 12 (CXCL12) remarkably 

inhibited 4T1 cell proliferation compared to the CXCL12-only (p=0.0037) and A1-only (p<0.0001) treating cells, while 

treatment with CXCL12 (p=0.0182) or A1 (p=0.0002) also showed a significant increase in cell proliferation compared to the 

untreated control group. In addition, treatment with A1 augments cell proliferation in comparison with CXCL12 (p=0.0167) 

after 72h (b). Values represent mean±SD (n=3). 

http://ijaai.tums.ac.ir/


Fluorinated CXCR4 Inhibitor A1 in Breast Cancer Cells 

                                                                                                 Iran J Allergy Asthma Immunol, / 5 

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir) 

 

Figure 2. 4T1 cells were treated with the IC50 concentration of A1, and after 72 h, annexin-V- Fluorescein isothiocyanate (FITC) 

and Propidium iodide (PI) staining were performed to evaluate the percentage of cell apoptosis using flow cytometry analysis. The 

percentage of necrotic (Q1), late apoptotic (Q2), early apoptotic (Q3), and normal cells (Q4) in untreated (a) and treated (b) 4T1 

cells. The differences in cell death percentages between untreated and treated cells in each quadrant are illustrated in (c). 

Figure 3. To evaluate the impact of A1 on cell cycle arrest, 4T1 cells were treated with IC50 concentrations of A1 and after 72h 

of incubation, DNA content was analyzed using PI staining (a and b). The differences in DNA content across each cell cycle 

phase between untreated and treated cells are depicted in Figure (c). The results are presented as mean±SD (n = 3).  
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A1 effect on CXCR4 Expression 

Treatment of 4T1 cells with 102 μg/mL of A1 plus 

100 ng/mL of CXCL12 for 72 hours significantly 

reduced the number of CXCR4+ cells compared to the 

group treated CXCL12 alone (p=0.0005) and A1alone 

(p=0.0096). Treatment with A1 also decreased the 

expression of CXCR4 in 4T1 cells in comparison to 

CXCL12 treated cells as a positive control (Figure 4). 

 

 

Figure 4. Flow cytometry gating strategy (a). Flow cytometry analysis indicates a remarkable reduction in C-X-C chemokine 

receptor type 4 (CXCR4) receptor expression in 4T1 cells treated with 102 μg/mL A1 plus 100 ng/mL of CXCL12 for 72 h, 

compared to the CXCL12-only (p=0.0005) and A1-only (p=0.0096) treated group. In addition, treating cells with A1 decreases 

the number of CXCR4+ 4T1 cells in comparison with CXCL12 treatment (p=0.0010) (b). The results are presented as mean±SD 

(n = 3). 

 
DISCUSSION 

 

Preclinical investigations have demonstrated that 

small molecules can restrict tumor growth and induce 

the apoptosis of different BCa cell lines.22,23 Since the 

CXCR4/CXCL12 axis is considered a crucial mediator 

in various aspects of BCa tumorigenesis, treatments 

aiming to suppress this pathway might represent 

valuable therapeutic outcomes.24 Activating the CXCR4 

downstream signals facilitates cell survival, 

proliferation, and migration, thereby inducing invasion 

and metastasis.25 The CXCL12/CXCR4 axis contributes 

to the chemotaxis of cancer cells towards CXCL12-

enriched sites such as lymph nodes, liver, lungs, and 

bone marrow.26 This chemotactic activity is facilitated 

by downstream signaling pathways, including mitogen-
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activated protein kinases (MAPK) and Phosphoinositide 

3-kinases (PI3K)/Akt, which regulate cytoskeletal 

remodeling, focal adhesion turnover, and matrix 

degradation via upregulation of metalloproteinases.28,29 

These mechanisms promote tumor cell invasion and 

metastasis, contributing to the high metastatic potential 

of cancers with elevated CXCR4 expression.30 

Moreover, activating CXCR4 fosters immune evasion 

within the TME by recruiting immunosuppressive cells, 

such as regulatory T cells (Tregs) and myeloid-derived 

suppressor cells (MDSCs).31 Several targeted therapies 

using small molecules that inhibit the CXCL12/CXCR4 

axis have been developed in BCa, including AMD3100, 

MSX122, WZ811, TN140, and POL5551.32-34 It is 

reported that T140, a peptide CXCR4 antagonist as an 

anti-HIV mediator, inhibited SDF-1-induced 

proliferation, migration, and metastasis in MDA-MB-

231 human breast cancer cell line.35 In addition, Both 

WZ811 and MSX-122 were effective in inhibiting lung 

metastases of breast cancer. However, MSX-122 

provided a distinct advantage due to its improved 

pharmacokinetic profile, selective targeting of the Gαi-

signaling pathway, and modulating cAMP levels 

without affecting the Gq-signaling.34,36 Furthermore, 

Since AMD3100 has shown promising clinical results in 

hematological malignancies such as leukemia, it is under 

investigation for clinical applications in various 

cancers.25 Previous clinical trials demonstrated 

preliminary promising outcomes in patients with BCa 

treated with AMD3100.37 Although CXCR4 inhibitors, 

including AMD3100 may also potentially suppress bone 

marrow metastasis in BCa, side effects related to 

hematopoietic stem cells must be considered.38 In this 

regard, previous studies have reported that AMD3100 

induced hematopoiesis, particularly by mobilization 

hematopoietic stem cells and affecting leukocyte 

dynamics, which can lead to transient leukocytosis.39 In 

addition to CXCR4 inhibition, other CXCR4 inhibitors 

(mentioned above) also exhibit cytotoxic effect on tumor 

cells.40 Recently, we introduced A1 as a CXCR4 

inhibitor with anti-tumor properties against the CT26 

colorectal cancer cell line.20 Notably, our previous in 

silico docking studies and prior characterization 

demonstrated that A1 effectively binds to CXCR4, 

likely at or near the receptor's ligand-binding site. This 

interaction blocks the ability of CXCL12 to bind and 

stimulate CXCR4, which may lead to receptor 

downregulation through feedback mechanisms.20 

Moreover, the fluorinated structure of A1 contributed to 

its enhanced bioavailability and metabolic stability, 

reducing the need for higher doses and minimizing 

systemic side effects observed with other inhibitors. 

However, this study is still in the early stages, and 

further research is needed to assess drug’s safety. 

In the present study, we initially measured the 

cytotoxicity effects of A1 on 4T1 cells. Our data 

demonstrated that A1 induces cytotoxic effects across 

concentrations from 12.5 to 200 μg/mL. In previous 

studies, no significant reduction in overall cell viability 

was observed in human cholangiocarcinoma cancer cell 

lines treated with AMD3100.41,42 Our data revealed that 

treatment with 102 µg/mL of A1 for 72 hours increases 

tumor cell apoptosis in 4T1 cells compared to untreated 

cells. Notably, the cytotoxic effects of A1 depend on the 

cell line type and the doses used. 

Moreover, proliferation assay findings revealed that 

A1 treatment with CXCL12 decreased 4T1 cell 

proliferation compared to the CXCL12-only and A1-

only treating group, demonstrating the target molecule 

considerably suppressed 4T1 cell growth. This finding 

highlights A1's potential as a promising candidate for 

inhibiting CXCL12-mediated proliferation in 4T1 cells, 

consistent with previous studies demonstrating the 

significant effect of CXCL12 on the growth of CXCR4+ 

Ewing sarcoma cells under serum-starved 

conditions.43,44 This proliferative influence was shown 

to be inhibited upon AMD3100 treatment in vitro.43 Cell 

cycle progression through different phases has a crucial 

role in cell viability and proliferation, and cell cycle 

arrest can induce apoptosis.45,46 This study revealed that 

threating 4T1 cells with IC50 concentration of A1 

increased the DNA content in the G2/M phase, 

accompanied by a remarkable decrease in the S phase, 

resulting in G2/M phase arrest. A previous study  

demonstrated similar findings that treating the mouse 

colorectal cancer cell line with A1 inhibited DNA 

replication, leading to cell cycle arrest in the G2/M 

phase.20 The effects of A1 on apoptosis and cell cycle 

arrest in 4T1 cells may be attributed to its interference 

with crucial pathways regulated by CXCR4 signaling. 

Specifically, A1 binding to CXCR4 likely disrupts  

downstream activation of PI3K/Akt and MAPK 

pathways, which are well-documented mediators of cell 

survival and proliferation.47,48 Inhibiting these pathways 

could result in mitochondrial dysfunction and activation 

of caspases, key events in the intrinsic apoptotic 

pathway.49,50 Moreover, the induction of G2/M cell 

cycle arrest by A1 suggests its potential to impair DNA 
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replication or damage checkpoint controls.51,52 These 

results highlight the beneficial impact of fluorinated 

anticancer compounds on cell cycle progression and 

apoptosis in tumor cells.  

Flow cytometric analysis of 4T1 cells indicated a 

significant decrease in CXCR4 expression upon co-

treatment with A1 and CXCL12 This finding is 

consistent with our previous study, in which A1 was 

shown to downregulate the expression of CXCR4 in 

CT26 colorectal cancer.20 Previous studies have 

demonstrated the overexpression of CXCR4 in various 

types of human cancers, including kidney, brain, colon, 

breast, pancreas, melanomas, and ovaries, contributing 

in tumor growth, metastasis, and resistance to 

immunotherapy.53,54 Moreover, increased CXCR4 

expression observed in several cancers has been 

recognized as a poor prognostic biomarker.55 Our flow 

cytometric data suggest that A1 may effectively inhibit 

CXCR4 receptor expression in 4T1 cells through  

exposure of CXCL12, highlighting its potential as a 

therapeutic strategy for modulating CXCR4-related 

pathways in this cell line.56 Furthermore, chemokine 

receptors undergo internalization and degradation in the 

absence of ligand or blocking their receptors.57 

Accordingly,, our data demonstrated a significant 

reduction in surface CXCR4+ cells, suggesting A1 

accelerates receptor internalization or degradation via 

CXCR4 inhibition. Thus, the results of this study 

suggest that A1 possesses potential antitumor effects and 

could be considered a therapeutic option for breast 

cancer. To confirm these findings, further investigations 

in more advanced models and clinical trials are essential.  

Due to the current study's limitations, further 

investigation will be necessary to discover the anti-

tumor activity of A1 against other BCa cell lines and its 

possible implications in therapeutic perspectives. 

Moreover, the impacts of A1 therapy on the infiltration 

of various immune cells with different phenotypes, 

especially immunosuppressive cells, within the tumor 

milieu should be further explored to better understand 

the underlying mechanisms of CXCR4 inhibition 

following administration. Furthermore, experimental 

data on the pharmacokinetics and bioavailability of A1 

remain unexamined in this study, yet these aspects are 

crucial for understanding its therapeutic potential and 

optimizing clinical application. Future research should 

include in vivo studies to evaluate these parameters and 

validate the current findings. While the current study 

focused on downstream effects like apoptosis and cell 

cycle arrest, our findings suggest A1 may modulate 

CXCR4-mediated pathways, such as MAPK and 

PI3K/Akt. These pathways will be investigated in future 

studies through Western blot and quantitative 

polymerase chain reaction (qPCR) analyses to elucidate 

the specific signaling alterations induced by A1. 

Although the use of the 4T1 mouse TNBC cell line is 

appropriate for in vitro testing, the manuscript does not 

explain why human TNBC cell lines (e.g., MDA-MB-

231) for cross-species validation. Addressing this would 

enhance the relevance of A1 for human breast cancer 

treatment. This additional work will further support 

A1’s therapeutic potential by defining its impact on 

CXCR4-mediated tumorigenesis. 

In summary, the present investigation highlights the 

anti-tumor activity of a novel small molecule, A1, against 

CXCR4 through in vitro studies. This research reveals 

that A1 can promote cell apoptosis and induce cell cycle 

arrest at the G2/M phase in this cell line. Moreover, A1 

and CXCL12 significantly reduce the proliferation of 4T1 

cells compared to a control group treated with only 

CXCL12. Furthermore, the number of CXCR4+ cells 

significantly decreased following the co-treatment of A1 

and CXCL12. These results support the further 

investigation of A1 as a promising anti-tumor agent for 

breast cancer in preclinical and clinical settings. 
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