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Background: Luminal breast cancer (BC) is the most common subtype of BC. C-type lectin domain family 3 member A (CLEC3A)
has been shown to promote malignant characteristics in BC cells, but the specific mechanisms are not well understood. This study
aimed to explore the oncogenic role of CLEC3A in luminal BC and its potential mechanisms.

Methods: Transcriptomic data from GEO and TCGA databases were analyzed to identify differentially expressed genes in
luminal BC. Kaplan—Meier curves were used to assess the prognostic value of CLEC3A in luminal BC, and CLEC3A expression
was further validated in BC cell lines. Functional assays, including colony formation, wound healing, Transwell, and flow cytometry,
were performed following CLEC3A knockdown or overexpression. The impact of CLEC3A on PD-L1 stability was analyzed by co-
immunoprecipitation (co-IP) and Western blotting. The influence of CLEC3A on T cell activity was investigated by co-culturing CD8"
T cells with BC cells.

Results: CLEC3A expression was significantly upregulated in luminal BC patients and correlated with poor overall survival. In vitro,
CLEC3A knockdown suppressed proliferation, migration, invasion and promoted apoptosis, whereas CLEC3A overexpression
enhanced these malignant features. CLEC3A also regulated mRNA expression levels of key proliferation-related genes and immune
factors, and it regulated the stability of PD-L1 protein in BC cells through ubiquitination. Additionally, CLEC3A knockdown increased
tumor cell death and CD8+ T cell activity, while overexpression suppressed these responses.

Conclusion: CLEC3A promotes BC progression and immune evasion by regulating PD-L1 stability and inhibiting CD8+ T cell
function. Targeting CLEC3A may enhance anti-tumor immunity and improve patient outcomes in luminal BC.
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Introduction

Breast cancer (BC) is the most prevalent cancer among women globally. According to the 2020 Global Cancer
Statistics, BC accounts for 11.7% of newly diagnosed cancer cases and 6.9% of cancer-related deaths.! BC exhibits
high heterogeneity and can be classified into multiple subtypes based on receptor status, with the most common subtypes
being luminal A and luminal B, characterized by estrogen receptor (ER) positivity, accounting for 65-70% of all
invasive BC cases.” * Despite significant advances in endocrine and targeted therapies, luminal BC remains clinically
challenging: more than 40% of patients eventually relapse or lose their luminal/epithelial characteristics, leading to
poorly differentiated tumors with enhanced invasiveness and metastatic potential.'>® Furthermore, the disease course in
luminal BC is often prolonged, and late recurrence contributes to the fact that the 20-year survival rate is not markedly
superior to that of other subtypes.” Given its high prevalence, distinctive pattern of late recurrence, and tendency toward
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therapeutic resistance, it is critical to investigate the molecular mechanisms driving luminal BC progression to develop
more precise and durable treatment strategies.

Increasing evidence has shown that the tumor microenvironment (TME) plays a crucial role in the progression
of BC, with immune regulation in the TME being particularly important. Programmed death ligand-1 (PD-L1), as
a major inhibitory checkpoint molecule, plays a critical role in this process. The PD-L1 expressed on tumor cells
binds to the PD-1 receptor on immune cells, inhibiting T-cell-mediated anti-tumor responses, thereby helping tumor
cells escape immune surveillance.® Although luminal BC is typically considered to have a moderate or low immune
profile compared to other subtypes,’ Deici et al reported that 9% of luminal A and 42% of luminal B cases exhibited
PD-L1 immune reactivity.'® Ni et al further pointed out that the expression of PD-L1 in tumor-infiltrating immune
cells is associated with better prognosis in luminal B BC."' These findings suggest that immune regulation in
luminal BC is more dynamic than previously thought. Post-translational modifications, especially ubiquitination,
significantly affect the stability and function of PD-L1, thereby regulating its immune inhibitory effect.'” Zhu et al
found that deubiquitinating enzymes promote immune evasion in the BC cell line MCF-7 cells by preventing the
degradation of PD-L1."* However, the precise molecular mechanisms by which ubiquitination regulates PD-L1 in
luminal BC remain unclear.

C-type lectin domain family 3 member A (CLEC3A) is a cell surface protein involved in various immune processes.
Previous studies have demonstrated that high expression of CLEC3A in invasive ductal carcinoma of the breast is
associated with poor prognosis and promotes tumor progression.'* More recently, CLEC3A has been identified as
a driver of aggressiveness in both ER+ and ER— breast cancers.'” In addition, Ni et al reported that CLEC3A
overexpression enhances the proliferation, migration, and invasion of BT474 breast cancer cells.'® Another study
demonstrated that CLEC3A is an immune-related hub gene in BC.'” However, despite these findings, the specific
mechanisms by which CLEC3A promotes luminal BC progression, particularly its role within the TME, remain largely
unknown. Based on prior evidence, we hypothesized that CLEC3A may regulate PD-L1 stability through ubiquitination,
thereby contributing to immune evasion in luminal BC.

Therefore, the present study aimed to explore the molecular interactions between CLEC3A and PD-L1 and elucidate
the potential role of CLEC3A as a therapeutic target for enhancing anti-tumor immunity in luminal BC.

Methods

Differentially Expressed Genes (DEGs) Screening

Expression profiles from the GEO dataset GSE115144 (total 42 samples, including 21 luminal BC tumor samples and 21
adjacent normal samples) and the TCGA-BC datasets (total 1180 samples, including 614 luminal BC and 88 normal
breast tissue samples) were used in this study. DEGs were identified by using the limma R package. First, DEGs between
luminal BC and normal samples were screened in the GSE115144 dataset with a threshold of p<0.05 and |log2 fold
change (FC)>1.2. Subsequently, the upregulated genes were further validated for differential expression between
luminal BC and normal samples in the TCGA cohort, applying a threshold of p<0.05 and [log2 FC[>0.2. The results
were visualized in the volcano plot and heatmap using the ggplot2 package.

Clustering Analysis

Consensus clustering based on Non-negative Matrix Factorization (NMF) was performed using the expression
profiles of DEGs to classify luminal BC samples into different molecular subgroups. The optimal number of clusters
was determined according to the cophenetic correlation coefficient, dispersion, and silhouette width. Subsequently,
NMF feature weight matrices were used to identify key contributors within each cluster. Kaplan-Meier (KM)
survival analysis was conducted using survminer and survival R packages to compare the overall survival (OS)
between different clusters. A heatmap for hub gene expression in different clusters was generated using the
pheatmap R package, and violin plots comparing the expression of hub genes across clusters were generated
using ggplot2.
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Evaluation of Prognostic Implications and Immune Correlation

The expression levels of hub genes in normal and tumor tissues were evaluated using the TCGA-BC dataset. Statistical
analysis was performed using the Wilcoxon rank-sum test. Survival analysis for hub genes was conducted based on high
and low expression levels. Hazard ratios (HR) were calculated using the Cox proportional hazards model, and KM
survival curves were plotted. The correlation between hub genes and the immune checkpoint gene CD274 (PD-L1) was
analyzed using Spearman correlation and visualized using scatter plots.

Immunohistochemistry (IHC) Assay

IHC was performed to evaluate CLEC3A expression in paraffin-embedded tissues. Sections (4 um) were deparaffinized,
rehydrated, and subjected to antigen retrieval in Tris-EDTA buffer. Endogenous peroxidase activity was blocked with
0.3% hydrogen peroxide for 10 min, followed by incubation with 5% normal goat serum for 30 min. Slides were then
incubated overnight at 4°C with a rabbit anti-CLEC3A antibody, washed, and treated with HRP-conjugated secondary
antibody for 30 min at room temperature. Signal detection was performed using 3,3'-diaminobenzidine and counter-
stained with hematoxylin. The expression of CLEC3A was evaluated according to the percentage of positive cells.

Cell Culture and Treatment

Human normal mammary epithelial cells MCF 10A and Human luminal BC cell lines MCF-7 (luminal A) and BT-474
(luminal B) were purchased from the Wuhan Pricella Biotechnology Co., Ltd. (Wuhan, China). All cells were cultured in
DMEM (Sigma-Aldrich, MO, USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at
37°C in a 5% CO, incubator.

Cell Transfection

For CLEC3A stable knockdown in MCF-7 and BT-474 cells, lentiviral vectors carrying short hairpin RNA targeting
CLEC3A (sh-CLEC3A) and the negative control (shNC) were obtained from GenePharma (Shanghai, China), and
transfected cells were selected using puromycin (Clontech, USA). To achieve CLEC3A overexpression in MCF-7 and
BT-474 cells, the pcDNA3.1-CLEC3A plasmid was transfected into the cells by Lipofectamine 2000. Expression levels
were verified by real-time quantitative PCR (RT-qPCR) analysis after 48 h of transfection.

Cell Viability Analysis

Cell viability was assessed using the cell counting kit-8 (CCK-8) assay (Beyotime, Shanghai, China). MCF-7 and BT-474
cells were seeded at a density of 5 x 10° cells per well in 96-well plates. Following the treatment for 12 h, 24 h, 48 h, or
72 h, 10 pL of CCK-8 solution was added to each well and the cells were incubated for an additional 2 h at 37°C. The
absorbance at 450 nm was measured using a microplate reader (BioTek, USA).

Tunnel Assay for Cell Apoptosis

The TUNEL assay was performed to detect apoptotic cells in MCF-7 and BT-474 cells. Cells were fixed with 4%
paraformaldehyde for 30 min at room temperature and washed with PBS. Cells were then permeabilized with 0.1%
Triton X-100 in PBS for 5 min. Subsequently, the TUNEL reaction mixture, containing terminal deoxynucleotidyl
transferase (TdT) and biotinylated dUTP, was added to the cells and incubated for 60 min at 37°C in a humidified
chamber. Afterward, the cells were washed with PBS and incubated with streptavidin-HRP (Horseradish peroxidase) for
30 min at room temperature. The apoptotic cells were visualized by adding the DAB substrate, which turns the apoptotic
cells brown due to the enzymatic reaction. The number of TUNEL-positive cells was counted under a light microscope,
and the apoptosis rate was calculated as the percentage of TUNEL-positive cells relative to the total number of cells.

Colony Formation Assay
Transfected cells were seeded at a density of 2.5 x 10° cells per well in 24-well plates. Every three days, the medium was
refreshed. Colony formation was monitored under an optical microscope (AE2000, Motic, China). After two weeks, cells
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were fixed with 4% paraformaldehyde at 4°C for 1 h and then washed with PBS. Crystal violet staining solution was
added to the wells to stain the colonies. Following a thorough wash with PBS, colony images were captured using
a camera (Canon Ltd., Japan). The number of colonies was counted microscopically.

Wound Healing Assay

MCEF-7 and BT-474 cells were seeded into 6-well plates at a density of 1 x 10° cells per well. A sterile 200 pL pipette tip
was used to create a straight scratch in the center of the cell monolayer. After wounding, the medium was replaced with
serum-free DMEM to prevent further cell proliferation. The cells were then incubated at 37°C with 5% CO,. Images of
the wound area were taken at 0 and 24 h under a microscope to observe cell migration into the wound area. The wound
closure was quantified by measuring the distance between the wound’s edges using image analysis software.

Transwell Assay for Cell Invasion

Cells were starved overnight in a serum-free medium and then resuspended in the same medium. The upper chamber of
the Transwell insert (Corning, NY, USA) was coated with Matrigel (BD Biosciences, NJ, USA). A total of 1 x 10* cells
in 200 pL serum-free medium were added to the upper chamber, while the lower chamber contained 600 pL of DMEM
with 10% FBS. The cells were incubated for 24 h at 37°C with 5% CO,. After incubation, non-invading cells were
removed from the upper surface of the membrane. The invading cells on the lower surface of the membrane were fixed
with 4% paraformaldehyde for 30 min, stained with crystal violet for 30 min, and then washed with PBS. The invaded
cells were counted under a microscope. The invasive ability was quantified by calculating the average number of invaded
cells.

Cycloheximide (CHX) Chase Assay

For the CHX chase assay, MCF-7 and BT-474 cells transfected with sh-CLEC3A were treated with 50 pg/mL CHX and
harvested at 0, 4, 8, and 12 h post-treatment. The resulting lysates were analyzed by Western blotting using anti-CLEC3A
and anti-GAPDH antibodies to assess protein degradation and stability.

RT-qPCR Assay

Total RNA was extracted using TRIzol reagent (Invitrogen, CA, USA) following the manufacturer’s protocol. Reverse
transcription was performed using the PrimeScript™ RT Reagent Kit (Takara, Japan) to synthesize complementary DNA
(cDNA) from 1 pg of total RNA in a 20 pL reaction volume. The resulting cDNA was then used for qPCR, which was
conducted using SYBR™ Green PCR Master Mix (Thermo Fisher, CA, USA) on a QuantStudio™ 7 Flex Real-Time
PCR System (Applied Biosystems, CA, USA). The reaction was performed in a 20 pL volume containing 10 pL. SYBR
Green PCR Master Mix, 0.5 puL of each primer (10 uM), 2 uL of ¢cDNA, and 7 pL of RNase-free water. The PCR
conditions included an initial denaturation step at 95°C for 2 min, followed by 40 cycles of 95°C for 5 s and 60°C for
30s. The relative gene expression was calculated using the 27" method, with GAPDH as the internal control. The
primer sequences are shown in Table S1.

Western Blotting Analysis

Cells were lysed using RIPA buffer (Thermo Fisher, CA, USA). The total protein concentration was determined using the
BCA Protein Assay Kit (Thermo Fisher, CA, USA). Equal amounts of protein (20 pg) were separated by 10% SDS-
PAGE and transferred to PVDF membranes (Beyotime, Shanghai, China). The membranes were blocked with 5% non-fat
dry milk in TBST buffer for 1 h at room temperature. Membranes were then incubated overnight at 4°C with primary
antibodies: anti-PD-L1 (Abcam, Cambridge, UK) and anti-GAPDH (Abcam, Cambridge, UK) as the loading control.
After washing with TBST, the membranes were incubated with HRP-conjugated secondary antibodies for 1 h at room
temperature. The protein bands were visualized using the ECL elements (Thermo Fisher, CA, USA) and captured with
a chemiluminescence imaging system (Bio-Rad, CA, USA). The band intensities were quantified using ImagelJ software,
and the relative expression levels of PD-L1 were normalized to GAPDH.
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Co-Culture for CD8" T Cells with BC Cell Lines

To evaluate the interaction between CD8" T cells and BC cell lines, a co-culture system was established using activated
human CD8" T cells and MCF-7 or BT-474 cells. CD8" T cells were isolated from peripheral blood using a CD8" T Cell
Isolation Kit (Miltenyi Biotec, Germany) and activated with anti-CD3 and anti-CD28 antibodies for 24 h in a complete
medium. After activation, the CD8" T cells were co-cultured with the BC cell lines at a ratio of 1:1 in a Transwell system,
allowing for indirect interaction between the T cells and tumor cells while preventing direct cell contact.

Crystal Violet Assay for Cell Viability

The Crystal Violet assay was used to assess the viability of BC cells after different treatments. Cells were seeded in
6-well plates at a density of 1 x 10° cells per well and allowed to grow for 24 h. After treatment, the cells were washed
with PBS and fixed with 4% paraformaldehyde for 30-90 s at room temperature. The fixed cells were stained with 0.1%
crystal violet solution (Sigma-Aldrich, USA) for 10-20 min at room temperature, followed by washing with PBS to
remove excess dye. The number of alive tumor cells was quantified by counting the crystal violet-stained cells under
a microscope. The stain was solubilized using 10% acetic acid for 1 h, and the absorbance was measured at 570 nm using
a microplate reader.

Enzyme-Linked Immunosorbent Assay

The levels of IL-2 and TNF-y in the supernatant of co-cultured cells were measured using ELISA kits (BioLegend, CA,
USA), following the manufacturer’s instructions. For the ELISA procedure, 96-well plates were coated overnight at 4°C
with capture antibodies specific to IL-2 or TNF-y. The plates were then blocked with 1% BSA in PBS for 1 h at room
temperature. After washing, culture supernatant was added to the wells in duplicate, and standard curves were generated
using recombinant IL-2 or TNF-y. Plates were incubated for 2 h, followed by washing and the addition of a secondary
HRP-conjugated detection antibody specific for IL-2 or TNF-y, which was incubated for 1 h. After washing, the substrate
solution (TMB) was added and incubated for 10 min in the dark. The reaction was stopped using the stop solution, and
absorbance was measured at 450 nm using a microplate reader.

Flow Cytometry Assay

CD8+ T cells were collected after different treatments, washed with PBS, and stained with specific fluorochrome-
conjugated antibodies to evaluate their functional status. T cell activation was assessed using anti-CD25-PE and anti-
CD69-FITC antibodies. Proliferation was determined by CFSE labeling and analyzed by fluorescence dilution. Cytotoxic
function was evaluated by intracellular staining with anti—-Granzyme B-PC5.5 and anti—IFN-y-PE antibodies. T cell
exhaustion was assessed using anti—PD-1-FITC and anti-TIM3-PE antibodies. Samples were analyzed on a BD
FACSCanto II flow cytometer, and data were processed with FlowJo software.

Statistical Analysis

Statistical analysis was performed using R (version 4.3.2) or GraphPad Prism (10.1.2). All experiments were performed
at least in triplicates and data are presented as means + standard deviation. Student’s #-test was used for comparisons
between two groups, and one-way ANOVA followed by Tukey’s test was used for multiple comparisons. p<0.05 was
considered statistically significant.

Results

Key Roles of CLEC3A and KLHDCY7B in Molecular Subtyping of Luminal BC and Their
Association with OS

Based on expression profiles from the GEO and TCGA databases, this study conducted DEG screening and clustering

analysis for Luminal-type BC. First, 2958 DEGs were identified from the GSE115144 dataset, including 1665 upregu-
lated and 1293 downregulated genes (Figure SIA and B). Then, the expression profiles of the 1665 upregulated genes
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Figure | Key roles of CLEC3A and KLHDC7B in molecular subtyping of luminal BC and their association with overall survival. (A). Two molecular subtypes were identified.
(B) Heatmap of CLEC3A and KLHDC7B’s expression in two molecular subtypes. (C) Overall survival of breast cancer patients in two molecular subtypes. (D) Expression
difference of CLEC3A and KLHDC?7B in two molecular subtypes. ***p<0.001.

were extracted from TCGA-BC data, and differential analysis was performed again, resulting in 25 DEGs, including 12
upregulated and 13 downregulated genes (Figure S1C and D).

Based on the 25 DEGs expression data, consensus clustering analysis was applied to classify the samples. The
analysis indicated that BC samples could be stably divided into two clusters (C1 and C2), and the consensus matrix
showed high stability in clustering results (Figure 1A). Survival analysis indicated that patients in C2 had significantly
lower OS than those in C1 (p<0.01, Figure 1B). Additionally, the clustering results revealed two representative genes,
CLEC3A and KLHDC7B, with distinct expression patterns across the two clusters. CLEC3A expression was higher in
C2 than in C1, whereas KLHDC7B exhibited the opposite expression pattern (Figure 1C). The violin plots further
confirmed the opposite expression patterns of CLEC3A and KLHDC7B between the two clusters, with CLEC3A being
significantly upregulated and KLHDC7B modestly downregulated in C2 (p<0.001, Figure 1D). These findings suggest
that CLEC3A and KLHDC7B may play important roles in luminal BC subtyping. Therefore, CLEC3A and KLHDC7B
were selected for further analyses.

Prognostic Implications and Immune Correlation of CLEC3A and KLHDCY7B in
Luminal BC

Next, the expression characteristics and prognostic significance of CLEC3A and KLHDC7B in BC were further
explored. The results showed that both CLEC3A and KLHDC7B were significantly overexpressed in luminal BC
compared to normal tissues (p<0.05, Figure 2A and B). Survival analysis indicated that patients with high CLEC3A
expression had significantly worse OS compared to those with low expression (p=0.011, Figure 2C), and patients with
high KLHDC7B expression exhibited better survival but without significance (p=0.37, Figure 2D). To further evaluate
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the role of CLEC3A and KLHDC7B in immune regulation, their correlation with the immune checkpoint gene CD274
(PD-L1) was analyzed. The results showed that CLEC3A had no significant correlation with PD-L1 (R?>=0.01, p=0.324,
Figure 2E), while KLHDC7B was positively correlated with CD274 (R?>=0.23, p<0.001, Figure 2F).

CLEC3A Was Upregulated in Luminal BC Cells and Promoted BC Cell Malignant

Features
Subsequently, CLEC3A was selected for further validation because it was consistently upregulated in tumor tissues and
the poor-prognosis cluster C2, and its high expression was significantly associated with worse OS. First, the expression
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differences of CLEC3A in normal and BC tissues and cells were examined. Compared with adjacent noncancerous
tissues, the positive expression of CLEC3A was significantly increased in luminal BC tissues (p < 0.001, Figure S2A).
Additionally, CLEC3A mRNA expression was significantly increased in the BC cell lines MCF-7 (luminal A) and BT-
474 (luminal B) compared to the normal cell line MCF10A (Figure S2B). Therefore, sh-CLEC3A-1 and sh-CLEC3A-2
were transfected into MCF-7 and BT-474 cells to knock down CLEC3A expression. Figure 3A and B shows that
compared to the shNC group, CLEC3A mRNA expression was significantly reduced in the sh-CLEC3A-1 and sh-
CLEC3A-2 groups, indicating successful transfection. Additionally, cell viability was significantly lower (p<0.05,
Figure 3C and D), and apoptosis rate was significantly higher (p<0.01, Figure 3E and F) in the sh-CLEC3A groups
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Figure 4 CLEC3A overexpression promoted malignant behavior of BC cells. (A) mRNA expression of CLEC3A in MCF-7 and BT-474 cells. (B) Colony formation of MCF-7
and BT-474 cells. (C) Wound healing detected the migration of MCF-7 and BT-474 cells; scale bar = 500 um. (D) Transwell detected the invasion of MCF-7 and BT-474 cells;
scale bar = 200 pm. MCF-7 and BT-474 cells were transfected with oe-CLEC3A. *p<0.01, **p<0.001.

compared to the shNC group. CLEC3A knockdown also significantly decreased colony formation, migration, and
invasion abilities of MCF-7 and BT-474 cells (p<0.001, Figure 3G-L).

To further validate the function of CLEC3A, CLEC3A was overexpressed in MCF-7 and BT-474 cells. After
transfection with oe-CLEC3A, CLEC3A mRNA expression was successfully upregulated in MCF-7 and BT-474 cells
(p<0.001, Figure 4A). Compared to the control group, the oe-CLEC3A group exhibited significantly enhanced cell
proliferation, migration, and invasion (p<0.01, Figure 4B-D).

CLEC3A Regulated Expression of Cell Proliferation-Related Factors in Luminal BC
Cells

Further investigation was conducted into how CLEC3A affects the expression of genes related to cell proliferation.
CCND1, E2F1, MYC, and PCNA are associated with high proliferative capacity in cancer cells, while BCL2 is an anti-
apoptotic factor and CDKNIA is a cell cycle inhibitor. The results showed that in MCF-7 cells, knockdown of CLEC3A
(sh-CLEC3A-1 and sh-CLEC3A-2) significantly reduced the expression of CCND1, BCL2, E2F1, MYC, and PCNA,
while markedly increasing the expression of CDKNI1A, compared with the shNC control group (p<0.01, Figure 5A).
Conversely, in the oe-CLEC3A group, compared to the control group, the expression of CCND1, BCL2, E2F1, MYC,

Breast Cancer: Targets and Therapy 2025:17 https: 985



Chen et al

- 5 *kk Xk k *kk - **k o
B £ 15 5 4 £ 15 £ 15 £ 15
2 * Kk 2 *Hk 2 Kk ° 2 * Kk 2
» 2 2 2 *k kK 3 [ ok
e o g 4 o o °
£ o @ 2 ] 2
%510 £ 10 g £_10 £ 10 £ 10
<2 <3 22 °r 39 R
z 8 =8 $¥2 4] zZ= 3 14
ESas s 3 45 45 g%
s E%os Es E%os E”os ECos
] 2 z 1! > > 2
. s = K k] k:
& 00 € oo e o Y 2 o0 € 00
¢ N8
& 2 B & NN O NN o N O N O N
S &K S ¥ K S ¥ N S ¥ ¥ N A N
& & S & S & S & & S & & S &
& N4 N4 NN G 3 ¥ N4
RO & O &8 & O &8 &P
B R s K & s S
B kK
*kk
< 5 < 6 < 1.5 c [3 hokk < 4
S *okk S § s 3 *okok 5 3 H
2 2 2 s F 2 2
[ 0
g 4 g g 8 g 5 3
g= Bo s £< 10 g _2 £ 2 3
°03 oy 03z o °0 og
33 $8 £ =3 = $02
a
0, S Zo X 2y (=
s 3 5 2 5 % 0.5 E°4 £°, EOC
© o o 4
S > > >
£ 1 -] =1 2 2 s
3 L4 L4 © © K
] ] ] ° @ ]
X o T T x o0 T T x 0.0 € 0 Z 0 X 0
> > > >
© \o O \g S \o > > v o ¥
& & & & & & & & & & & &
54 o CA Y o EA™ & o £ of
& i & & & &
C *okk
kK * *okk kK Fokk bkl
£ 15 £ 15 £ 4 £ 15 s 15 5§ 15
S S S S S S
@ kK @ o ‘® B ek @ % ] kol
H @ 2 2 8 ?
8 8 g 4 8 8
[ s S« s S 3 d
X510 Eo 10 53 g £, 10 gg10
<3 <0 <%, <N <z <5
z o Zo ZQ0 ZWw z o Za
z9 d zo 43 Zy 2y (2
ES 05 E% s - Eg E%os E”os ECos
s $ ER 2 s s
K s s K k| s
Y g oo g o 2 o0 Y Y
o & O N8 S N © o o AN
N S ¥ N S ¥ ¥ S ¥ N S o o
F &L & S & S & S & F & & & &
9\5’ pv«’ p\f’ p\ﬁ’ o\g’ ;}3’ pvq’ ;’& Q\?’ ;}3’ &
& B & & & B & & &

*
*
*
*
*
*

Relative mRNA expression
of CCND1
o - N w
Relative mRNA expression
of BCL2
=) - N
Relative mRNA expression
of CDKN1A
=3 o -
o o o
*
*
*
Relative mRNA expression
of E2F1
=4 b = = g
o o0 o o o
/
E *
*
Relative mRNA expression
of MYC
o I = = n
o J o CJ o
Relative mRNA expression
of PCNA
o I = = »n
o v o v o

> > o \o > >
& &?‘ &© &Y' & é? &© &Y & 05?' & (;.,V'
& & & & SN & & & & & &
< o < o ¢ Qg, < o < o < o
& 4 ° & & i

Figure 5 CLEC3A regulated expression of cell proliferation-related factors in BC cells. (A) mRNA expression levels of CCNDI, BCL2, CDKNIA, E2FI, MYC, and PCNA
in MCF-7 cells; MCF-7 cells were transfected with shNC, sh-CLEC3A-I, or sh-CLEC3A-2. (B) mRNA expression levels of CCNDI, BCL2, CDKNIA, E2Fl, MYC, and
PCNA in MCF-7 cells; MCF-7 cells were transfected with oe-CLEC3A. (C) mRNA expression levels of CCNDI, BCL2, CDKNIA, E2FI, MYC, and PCNA in BT-474 cells;
BT-474cells were transfected with shNC, sh-CLEC3A-1, or sh-CLEC3A-2. (D) mRNA expression levels of CCNDI, BCL2, CDKNIA, E2FI, MYC, and PCNA in BT-474
cells; BT-474 cells were transfected with oe-CLEC3A. *p<0.05, **p<0.01, ***p<0.001.

and PCNA was significantly upregulated, while CDKNIA expression was significantly downregulated (p<0.01,
Figure 5B). Similar results were observed in BT-474 cells, where CLEC3A knockdown inhibited the expression of
CCNDI1, BCL2, E2F1, MYC, and PCNA, and promoted CDKNIA expression (p<0.05, Figure 5C), while CLEC3A
overexpression had the opposite effect (Figure 5D).

CLEC3A Regulated Expression of Immune-Related Factors in Luminal BC Cells

To explore the role of CLEC3A in the BC immune microenvironment, expression levels of key immune-related
molecules (PD-L1, CXCL10, CCL2, IL2, IFNG, and STAT1) were examined. In both MCF-7 and BT-474 cells,
CLEC3A knockdown significantly increased the mRNA expression of CXCL10, CCL2, IL2, IFNG, and STAT1, while
CLEC3A overexpression suppressed their mRNA expression (Figure 6A-D). Notably, the changes in CLEC3A
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Figure 6 CLEC3A regulated expression of immune-related factors in BC cells. (A) mRNA expression levels of PD-LI, CXCLI0, CCL2, IL2, IFNG, and STATI in MCF-7
cells; MCF-7 cells were transfected with shNC, sh-CLEC3A-1, or sh-CLEC3A-1.(B) mRNA expression levels of PD-LI, CXCLI0, CCL2, IL2, IFNG, and STATI| in MCF-7
cells; MCF-7 cells were transfected with oe-CLEC3A. (C) mRNA expression levels of PD-LI, CXCLI0, CCL2, IL2, IFNG, and STAT| in BT-474 cells; BT-474cells were
transfected with shNC, sh-CLEC3A-1, or sh-CLEC3A-2. (D) mRNA expression levels of PD-LI, CXCLI0, CCL2, IL2, IFNG, and STAT| in BT-474 cells; BT-474 cells were
transfected with oe-CLEC3A. *p<0.01, ***p<0.001, ns: no significance.

expression had no impact on PD-L1 mRNA expression, which was consistent with the above-mentioned correlation

analysis results.

CLEC3A Regulated the Stability of PD-LI Protein in Luminal BC Cells

To verify our hypothesis that CLEC3A may regulate PD-L1 through ubiquitination, we examined the protein levels of
PD-L1. As shown in Figure 7A and B, CLEC3A knockdown significantly reduced PD-L1 protein expression, while
CLEC3A overexpression increased PD-L1 protein levels (p<0.01). A protein synthesis inhibition experiment showed that
CLEC3A knockdown accelerated the degradation rate of PD-L1 in CHX-treated MCF-7 cells, indicating that CLEC3A
can affect PD-L1 stability (Figure 7B). Further analysis revealed that in the absence of a proteasome inhibitor (MG132),
PD-L1 expression was significantly reduced in the CLEC3A knockdown group, but was significantly restored upon the
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Figure 7 CLEC3A regulated the stability of PD-L| protein in BC cells. (A—C) Protein expression of PD-L| in MCF-7 cells; cells in (A) were transfected with sh-CLEC3A-I,
sh-CLEC3A-2, or oe-CLEC3A; cells in (B) were transfected with sh-CLEC3A-1 or sh-CLEC3A-2 and treated with protein synthesis inhibitor CHX; cells in (C) were
transfected with sh-CLEC3A-1 or sh-CLEC3A-2 and treated with/without proteasome inhibitor MG132. (D-F) Protein expression of PD-L| in BT-474 cells; cells in (D)
were transfected with sh-CLEC3A-1, sh-CLEC3A-2, or oe-CLEC3A; cells in (E) were transfected with sh-CLEC3A-| or sh-CLEC3A-2 and treated with protein synthesis
inhibitor CHX; cells in (F) were transfected with sh-CLEC3A-| or sh-CLEC3A-2 and treated with/without proteasome inhibitor MG132. *p<0.05, *¥p<0.01, ***p<0.001.

addition of MG132, suggesting that CLEC3A regulates PD-L1 stability through a proteasome-mediated ubiquitination
degradation pathway (Figure 7C). Similar results were observed in BT-474 cells (Figure 7D-F), further supporting
CLEC3A’s role in PD-L1 ubiquitination and degradation.

CLEC3A Affected the Luminal BC Immune Microenvironment by Regulating CD8+
T Cell Function

Next, we co-cultured activated human CD8+ T cells with MCF-7 or BT-474 cells to further assess the role of CLEC3A in
the BC immune microenvironment. Functional assays revealed that inhibition of CLEC3A expression (sh-CLEC3A-1
and sh-CLEC3A-2) significantly enhanced the cytotoxic function of CD8+ T cells, evidenced by a significant increase in
the proportions of CD8+-Perforint and CD8+-NF+ T cells (Figures 8A and B, 9A and B). Moreover, CLEC3A
knockdown also significantly increased the tumor cell death rate in the co-culture system (Figures 8C and 9C), as well
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Figure 8 CLEC3A affected tumor immune microenvironment by regulating CD8+ T cell function in MCF-7 cells. (A and B) Detection of CD8+-Perforin+ and CD8+-NF+
T-cell levels by flow cytometry. (C) Alive cells of MCF-7. (D and E) Levels of IL-2 and TNF-y. MCF-7 cells were transfected with sh-CLEC3A-I, sh-CLEC3A-2, or oe-
CLEC3A. **p<0.001.

as the secretion levels of IL-2 and TNF-y (Figures 8D and E, 9D and E). In contrast, CLEC3A overexpression (oe-
CLEC3A) significantly suppressed CD8+ T cell functions, including a reduced proportion of CD8+-Perforin+ and CD8+-
TNF+ T cells, as well as decreased tumor cell death rate and cytokine secretion levels (Figures 8A—E and 9A—E). These
results suggest that high CLEC3A expression may impair the anti-tumor function of CD8+ T cells by inhibiting their
cytotoxicity and cytokine secretion, while CLEC3A knockdown significantly enhances the anti-tumor effects of CD8+
T cells.

CLEC3A Regulated CD8+ T Cell Function via PD-LI

To further elucidate the mechanism by which CLEC3A modulates CD8+ T cell function, we examined T cell activation,
proliferation, cytotoxicity, and exhaustion in both MCF-7 and BT-474 cells. In MCF-7 cells, CLEC3A overexpression
significantly reduced CD8+ T cell activation (CD69+, CD25+) (Figure 10A), proliferation (Figure 10B), and secretion of
IFN-y and Granzyme B (Figure 10C), while markedly increasing the proportion of exhausted PD-1+TIM3+ T cells
(Figure 10D). Conversely, CLEC3A knockdown exerted the opposite effects, enhancing CD8+ T cell immune functions.
Consistently, similar findings were observed in BT-474 cells: CLEC3A overexpression suppressed T cell activation,
proliferation, and effector molecule secretion, whereas CLEC3A knockdown enhanced these functions (Figure 11A-D).
Notably, blockade of PD-L1 or supplementation with recombinant PD-L1 could respectively reverse the functional
changes induced by CLEC3A overexpression or knockdown, respectively (Figures 10A-D and 11A-D). These results
suggest that CLEC3A may regulate the functional states of CD8 T cells through PD-L1, thereby promoting tumor

immune evasion in luminal BC.
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Figure 9 CLEC3A affected tumor immune microenvironment by regulating CD8+ T cell function in BT-474 cells. (A and B) Detection of CD8+-Perforin+ and CD8+-NF+
T-cell levels by flow cytometry. (C) Alive cells of BT-474. (D and E) Levels of IL-2 and TNF-y. BT-474 cells were transfected with sh-CLEC3A-I, sh-CLEC3A-2, or oe-
CLEC3A. **p<0.001.

Discussion
In this study, we focused on the role of CLEC3A in luminal BC and its potential effects on prognosis, immune regulation,
and tumor progression. Our results suggest that CLEC3A may be an important regulatory factor in BC, influencing cell
proliferation, immune responses, and the stability of PD-L1, thereby shaping the tumor immune microenvironment.
By using bioinformatics analysis on the GEO and TCGA datasets, we clustered luminal BC patients into two
subtypes, C1 and C2, with CLEC3A being a key gene in this classification. CLEC3A was first reported to be expressed
in cartilage and later found to be a biomarker in various tumors, such as endometrial cancer,'® pancreatic neuroendocrine
tumors,' and lung cancer.”® Several studies have reported the role of CLEC3A in the prognosis of BC. Chen et al
identified CLEC3A as a risk gene in cuproptosis-related prognostic genes.'* Another study indicated that low expression
of CLEC3A was associated with improved OS in BC.'” In our study, CLEC3A was upregulated in the C2 subtype, which
had a worse prognosis. Survival analysis also showed that high CLEC3A expression was significantly associated with
worsened OS in luminal BC patients, supporting its potential as a prognostic biomarker. To our knowledge, only Ni

1'® have reported that CLEC3A promotes the proliferation, migration, and invasion of BC cells. In our study,

et a
CLEC3A expression was significantly upregulated in MCF-7 (luminal A) and BT-474 (luminal B) cells compared to
normal cells. CLEC3A knockout significantly reduced cell viability, induced apoptosis, and decreased colony formation,
migration, and invasion. Overexpression of CLEC3A enhanced the malignant behavior of MCF-7 and BT-474 cells.
These results further confirm the findings of Ni et al,'® supporting CLEC3A as a predictive biomarker for luminal BC
progression. Zhang et al found that CLEC3A overexpression reduced G1 phase arrest in osteosarcoma cells.”’ Cell cycle
dysregulation, characterized by the inactivation of tumor suppressors and abnormal activation of cyclins and cyclin-

dependent kinases, is a hallmark of BC.?? Our findings show that CLEC3A knockout leads to significant downregulation

990 https: Breast Cancer: Targets and Therapy 2025:17



Chen et al

>

Control oe-CLEC3A shCLEC3A oe-CLEC3A+anti PD-L1  sh-CLEC3A+Rec PD-L1
% - o < ‘e
® Toue % ST UR@ TN S roror STURIST%) 2 Taroe s Q1-UR(75.62%) ® Taroe o Q1-UR(52.86%) = Jaruron CRETEET
B
< | % 3
T S
& 2
=}
& o
[a) Y
o a
Y 3 % : &
QI-LR(5 31%) QI-LR(5.55%) . ] QU-LR(1.74%) X ) QI-LR(5.85%) L L ¢ a1-LR(s.06%)
102 10° 10 T0° 10° 10° 108 .
CD69 FITC-A
B Control oe-CLEC3A shCLEC3A oe-CLEC3A+anti PD-L1  sh-CLEC3A+Rec PD-L1
] 150 ks
g 1 s] 3 g = % Sk *kk
| ° N | A [ 2
( ‘\ ‘ £ 100
| | <
E I TR | H R | g
/ | S 50
8| ¢ \ | & | g | 8 ‘« £
| H | | | \\ | \ <]
| | 21 [ | Y | a
| oy | |
. . ! o\ yo W\ K\ JA‘»\
0 102 10° 10* 10° 10° 107 7700 104 108 400 qo7 e YTt T crmar e O v e LT ¥ O frrrrrmmr i PR AT Ty |
0 107 10° 10* 10° 10° 10 0 102 10° 10° 10° 10° 10’ 0 107 10° 10* 10° 10° 10 0 107 10° 10° 10° 10° 10
CFSE FITC-A
C Control oe-CLEC3A shCLEC3A oe-CLEC3A+anti PD-L1  sh-CLEC3A+Rec PD-L1
2 Q1-UL(4.61%) Q1-UR(52.13%) i Q1-UL(4.31%) Q1-UR(27.28%) 2 Q1-UL(5.14%) Q1-UR(72.47%) 2 Q1-UL(3.83%) Q1-UR(55.18%) 2 Q1-UL(4.32%) Q1-UR(46.97%) §
= 100 ool
%] %] %] %) %] @ . Hkk Hkk
& } &
d@l ‘ . : 3wl
o4 24 24 24 ey
40
T g
Z | % o I o " S 2
L | =1 =1 B 23 L 9
: B
o ]Qt-LL(a4.67%) Q1-LR(8.59%) o, |ariLso s QURESTH| o QT-LL16.17%) QUREZK)| o [Q1LLE260%) arRemH)| . Janiuee s1%) QR 1%)| &
10? 100 10t 10° T10? 10° 100 100 102 10° 10° 00 10 10° 104 100 02 0 ot P
Grazyme B PC5.5-H
D Control oe-CLEC3A shCLEC3A oe-CLEC3A+anti PD-L1  sh-CLEC3A+Rec PD-L1 a
2 Tarutesen) Q1-UR(33.34%) 2 Taruieesw Q1-UR(69.91%), 2 Tarutoesw) Q1-UR(14.51%) 2 Tarurmzon Q1-UR(35.77%) 2 Tarurraen Q1-UR{42.74%) 80 Ak ik

P
o

3
@8
- . g -
;
w D 40
afle * =
g = 2
=l S LN py
[ 2 2 E o
. f o
o Q1-LR(12.30%) _ E & PG 0\' 0\'
= 10¢ 10° 108 102 10 0t 10° 108 «® ’\S’/p\,@&\q K
s
PD-1 FITC-H &
O O
&

Figure 10 CLEC3A regulates CD8+ T cell function via PD-L| in MCF-7 cells. (A) Flow cytometry analysis and quantification of CD8+ T cell activation (CD69+/CD25+) in
different groups. (B) Analysis and quantification of CD8+ T cell proliferation (CFSE dilution). (C) Flow cytometry analysis and quantification of IFN-y and Granzyme
B production by CD8+ T cells. (D) Flow cytometry analysis and quantification of exhausted PD-1+TIM3+ T cell proportions. oe-CLEC3A-transfected MCF-7 cells were
treated with 10 pg/mL anti-PD-L| antibodies, and sh-CLEC3A-transfected MCF-7 cells were treated with 5 pg/mL recombinant PD-L| protein. *p<0.01, ***p<0.001.

of cell proliferation markers such as CCND1, MYC, E2F1, and PCNA, and promotes the expression of CDKN1A, while
CLEC3A overexpression produces the opposite effect. These results suggest that CLEC3A may regulate cell cycle
checkpoints while promoting cell proliferation and potentially plays a carcinogenic role in luminal BC.

The prognosis of BC is not only related to biological characteristics but also to the TME. In luminal BC, a high
proportion of infiltrating immune cells predicts a poorer prognosis, suggesting that effective immune escape may be an
important factor influencing luminal BC recurrence.”> CLEC3A is an immune-related gene in lung squamous cell
carcinoma®’ and is also a core gene associated with immune cells in BC.!” Our investigation into the immune-related
effects of CLEC3A shows that it can influence key immune molecules in the BC tumor microenvironment. Specifically,
CLEC3A knockout leads to an increase in the expression of immune-related factors, including CXCL10, CCL2, 1L2,
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Figure 11 CLEC3A regulates CD8+ T cell function via PD-L1 in BT-474 cells. (A) Flow cytometry analysis and quantification of CD8+ T cell activation (CD69+/CD25+) in
different groups. (B) Analysis and quantification of CD8+ T cell proliferation (CFSE dilution). (C) Flow cytometry analysis and quantification of IFN-y and Granzyme
B production by CD8+ T cells. (D) Flow cytometry analysis and quantification of exhausted PD-1+TIM3+ T cell proportions. oe-CLEC3A-transfected BT-474 cells were
treated with 10 pug/mL anti-PD-L| antibodies, and sh-CLEC3A-transfected BT-474 cells were treated with 5 ug/mL recombinant PD-L| protein. **p<0.01, ***p<0.001.

IFNG, and STAT1, while CLEC3A overexpression inhibits the expression of these factors. These molecules are known to
play crucial roles in promoting T-cell recruitment, activation, and anti-tumor immunity. CXCL10-positive BC shows
higher CD8" immune cell infiltration.”* In luminal BC, CCL2 is associated with the infiltration of tumor-associated
macrophages, and increased CCL2 release enhances angiogenesis within macrophages.”® IL-2 stimulates anti-cancer
immunity and is one of the earliest cytokines used in cancer therapy.”® IFNG is a crucial helper for CD8+ T cell
cytotoxicity and can edit the BC microenvironment to promote stemness, disease progression, and resistance to
immunotherapy.”” STAT1 drives immune surveillance in BC.*® We hypothesize that CLEC3A may participate in
regulating the immune landscape of BC by inhibiting the activation of anti-tumor immunity.

The efficacy and safety of immunotherapy in luminal BC have been tested in several ongoing clinical trials.'®*° As
maintenance therapy, anti-PD-L1 antibodies have been shown to significantly improve OS in luminal BC compared to
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chemotherapy.®® This study found no significant correlation between CLEC3A and the PD-L1 encoding gene CD274,
and changes in CLEC3A expression did not significantly affect PD-L1 mRNA levels. However, CLEC3A knockout
significantly reduced PD-L1 protein expression, and proteasome inhibition restored PD-L1 levels. This suggests that
CLEC3A may regulate the stability of PD-L1 protein in BC cells via the ubiquitination pathway, thereby affecting
immune escape mechanisms. Previous studies have shown that ubiquitination enhances the immunosuppressive activity
of PD-LI, thereby weakening the immune evasion ability of tumor cells.*’ In our co-culture experiments, CLEC3A
knockout significantly enhanced the cytotoxic activity of CD8" T cells, as evidenced by increased proportions of CD8"-
Perforin” and CD8"-TNF" T cells, along with elevated secretion of cytokines such as IL-2 and TNF-y. In contrast,
CLEC3A overexpression significantly suppressed CD8" T cell function, indicating that high levels of CLEC3A may
inhibit anti-tumor immune responses. Importantly, our results demonstrated that CLEC3A-driven PD-L1 stabilization
directly affected CD8+ T cell functional states. CLEC3A overexpression reduced CD8+ T cell activation, proliferation,
and cytotoxic cytokine secretion, while these effects could be reversed by PD-L1 blockade. This finding aligns with
a recent cross-sectional study, which reported that approximately 33% of BC patients exhibited high PD-L1 expression
and low CD8" T cell counts.** Taken together, these results highlight a novel mechanism whereby CLEC3A promotes
luminal BC progression by regulating PD-L1 to suppress CD8+ T cell-mediated anti-tumor immunity.

This study has certain limitations. First, the functional validation of CLEC3A was mainly performed in vitro using
cell-based assays, without further verification in animal models. Although clinical luminal BC tissues supported the high
expression of CLEC3A, the absence of in vivo experiments partially limits the translational relevance of our findings.
Future studies incorporating animal models will be essential to confirm the role of CLEC3A in luminal BC progression
and to provide more robust evidence for its potential as a prognostic biomarker and therapeutic target.

Conclusion

In conclusion, our study demonstrates that CLEC3A is associated with poor prognosis in luminal BC. CLEC3A promotes
the malignant characteristics of BC cells by regulating cell proliferation and the immune microenvironment.
Furthermore, CLEC3A affects PD-L1 stability through ubiquitination, contributing to immune escape. These findings
suggest that CLEC3A may be a potential therapeutic target for improving anti-tumor immune responses in luminal BC.
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