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Purpose: CD24 mediates a “don’t eat me” signal to escape the immune environment. However, the correlation between CD24 and
PD-L1 is unclear. This study aimed to assess if CD24 can serve as a target for immunotherapy of triple-negative breast cancer (TNBC).
Methods: Data on CD24 expression in breast cancer were acquired using the Oncomine and UALCAN tools. The role of CD24
expression on the prognosis of patients with TNBC was assessed using Kaplan—Meier analyses. Subsequently, STRING and TISIDB
databases were used to construct protein—protein interaction networks and to explore immune-related molecules regulated by CD24.
Immunofluorescence and immunohistochemistry assays were conducted to validate CD24 and PD-L1 expression and tumor infiltration
lymphocyte (TIL) level. Survival analysis was also performed to explore the effect of CD24 and PD-L1 expression and TIL level in
patients with TNBC. ShRNA was also used to explore the regulation role of CD24 on PD-L1 expression.

Results: CD24 expression was significantly higher in breast cancer than in normal tissues, with high expression being significantly
associated with a worse prognosis. CD24 was found to be significantly regulated by chemokines, immunoinhibitors, immunostimu-
lators and TILs. Furthermore, CD24 expression showed a significant positive correlation with PD-L1 expression and a negative
correlation with TIL level. In association with PD-L1, CD24 was found to positively regulate lymphocyte costimulation, T cell
costimulation, and leukocyte activation. Furthermore, CD24 and PD-L1 co-expression contributed to worse survival outcomes. In
addition, CD24 expression was found to attenuate the positive effects of high-level TILs on the prognosis of patients with TNBC.
CD24 can also regulate the expression of PD-L1 in TNBC cells.

Conclusion: CD24 may attenuate the positive effects of high TIL levels on survival and may facilitate the immune escape of TNBC
by regulating PD-L1 expression. Thus, it is a potential target for immunotherapy in TNBC.
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Introduction
Breast cancer is associated with the highest morbidity among all types of cancers, thus greatly threatening women’s
health.' By 2020, an estimated 276,480 women in the United States may be diagnosed with breast cancer, with
mortality occurring in 42,170 of them.>*> Among all molecular subtypes of breast cancer, triple-negative breast cancer
(TNBC) is correlated with the highest malignancy and heterogeneity; however, data on effective therapeutic targets are
limited.®® Although immunotherapy has considerably improved the prognosis of patients with TNBC, its less-than-
expected efficacy caused by tumor immune escape is still a major problem for clinicians and oncologists.”*'°

CD24, also known as heat-stable antigen, is a heavily glycosylated, mucin-type, cell-surface protein.'"'* Reportedly,
CD24 is associated with cancer histological grade, cancer stage, and shorter survival in patients with breast cancer.'

Furthermore, Barkal et al have reported that CD24 can bind to sialic-acid-binding Ig-like lectin 10 (Siglec-10), the
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inhibitory receptor expressed in tumor-associated macrophages. It thus contributes to the immune escape of breast cancer
cells, eliciting a “don’t eat me” signal. CD24 may act as the dominant innate immune checkpoint in breast cancer and
serve as a promising immunotherapy target.'*

Programmed death ligand 1 (PD-L1) is another important target in tumor immunotherapy.'> '’ It can effectively
promote tumor immune escape by binding with programmed cell death protein 1.'° For PD-L1 positive patients with
metastatic TNBC, immune checkpoint inhibitor (ICI) based on PD-L1 has been approved in combination strategies with
corresponding chemotherapy drugs. Furthermore, the combination strategies could significantly decrease the rate of early
death compared with ICI alone.'®?' Few studies have explored the correlations between PD-L1 and CD24, particularly
in TNBC. However, it is still unclear whether CD24 can act along with PD-L1 to regulate the immune escape of TNBC.
Accordingly, the present study explored the expression and prognostic effect of CD24 in patients with TNBC. In
addition, the study evaluated the regulation of immune-related molecules by CD24 and the correlations between CD24
expression, PD-L1 expression, and tumor infiltration lymphocyte (TIL) level in clinical TNBC specimens. Furthermore,
the effect of CD24 high expression and co-expression of CD24 and PD-L1 on the survival outcomes of TNBC was also
explored. Lastly, the study explored the mechanism underlying the regulation of CD24 expression. The findings of this
study suggested that besides Siglec-10, CD24 may in association with PD-L1 and other immune-related molecules to
regulated the immune escape of tumor cells in patients with TNBC.

Materials and Methods

Sangerbox
Sangerbox (http://vip.sangerbox.com/home.html) tool was applied for assessing the following: CD24 expression across

TCGA pan-tumors and the prognostic effect of CD24 on survival, including progression-free interval (PFI), disease-
specific survival (DSS), overall survival (OS), and disease-free interval (DFI) across TCGA pan-tumors. For the survival
analysis, statistical method Cox-regression analysis was applied in Sangerbox tool. Sangerbox is a kind of online tool. As
long as we submit the gene name, we can get the corresponding results ultimately.

Oncomine analysis
Oncomine next-generation sequencing (http://www.oncomine.org) was performed to analyze CD24 mRNA levels in

different tumor types.”? In addition, the level of CD24 mRNA transcripts was analyzed in breast cancer and normal
tissues. Just like the Sangerbox, Oncomine is also a kind of online tool. As long as we submit the gene name, we can get
the corresponding results ultimately.

UALCAN Analysis
The UALCAN platform (http://ualcan.path.uab.edu/index.html) was conducted to assess the level of CD24 mRNA tran-
scripts in patients with breast cancer according to sample type, cancer stage, patient’s age, major subclasses (within TNBC

types), menopause status, histologic subtypes, lymph nodal metastasis status, and TP53 mutation status.”> UALCAN is also
a kind of online tool. As long as we submit the gene name, we can get the corresponding results ultimately.

GEPIA Analysis
Using data from the TCGA database, the GEPIA platform (http://gepia.cancer-pku.cn/) was used to determine the

prognostic effect of high CD24 expression on the OS of patients with TNBC. In addition, the correlations between
CD24 and its co-expressed genes as well as CD24 and m6A methylation-related genes were analyzed.?*

Kaplan—Meier analysis
Kaplan—Meier analysis (http://kmplot.com) was conducted to assess the prognostic effect of high CD24 expression on the

distant metastasis-free survival (DMFS), OS, post-progression survival (PPS), and relapse-free survival (RFS) at the
mRNA level and OS at the pan-cancer RNA-seq level>>%¢
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Patients with TNBC and Specimens

This research included patients who were diagnosed with TNBC from February 2008 to October 2011 at the China
Medical University Hospital. In all patients, the diagnosis of TNBC was established by histology, and all patients
underwent modified radical mastectomy and received standard post-operative chemotherapy. Additional inclusion criteria
were similar to those reported previously.?’*® Patients with the following criteria were excluded: those without complete
clinicopathological information, those receiving neoadjuvant chemotherapy, and those with unknown survivance condi-
tions. The definition of disease-free survival (DFS) and OS were similar to that reported previously.””*® The study was
approved by the institutional review board of the China Medical University Hospital (2020PS282K). The informed
consent has also obtained from the study participants prior to study commencement. Also, our study complied with the
Declaration of Helsinki. The cut-off value for the Ki67 index was 20%.>* The molecular type of TNBC was determined
using the NCCN guidelines.*”

Immunofluorescence Analysis

The process of 176 TNBC specimens’ fixation and dehydration is consistent with previous studies®®-' Subsequently,
the specimens were blocked with 5% bovine serum albumin (Solarbio, SW3015) for 40 min. They were then
incubated with anti-CD24 (1:100; Abcam, ab202073) at 4°C overnight. Next day, these specimens were washed
with tris-buffered saline (TBS) and incubated with goat anti-rabbit IgG (H&L) (Alexa Fluor 488) (1:200; Abcam,
ab150077) for 4 h at 37°C. These specimens were then washed again with TBS and incubated with DAPI (1:100;
Solarbio company, C0060) for 5 min. Fluorescent images of the specimens were obtained using Nikon E800 upright
microscope. All images were then processed by the NIS-Elements F3.0 software and analyzed using the Image]
software. Positive stained tumor cells were quantified by ImageJ software and expressed as the average percentage of
positive stained tumor cells + SD in 10 fields. The analytical method of immunofluorescence was as per Kryczek I’
method.*?

Immunohistochemistry Analysis
PD-L1 expression and TIL levels were determined as previously described.’! The score systems of PD-L1 expression
and TIL levels were also the same as our previous study.!

GeneMANIA Analysis

The GeneMANIA platform (http://www.genemania.org) was used to construct a CD24-CD274 interaction network based

on physical interactions, co-expression, predictions, and genetic interaction as well as to evaluate functions.>?

Breast Cancer Cell and Cell Culture
Human breast cancer cell lines ZR-75-1, MCF7, JIMT1, MDA-MB-468, MDA-MB-231 and SKBR3 were purchased
from Procell (https://www.procell.com.cn), and were cultured by the medium supplied by Procell. All these breast cancer

cells were incubated at an atmosphere of 37°C and 5% CO,.

Western Blot

Breast cancer cell lysates were separated by 10% sodium dodecyl sulfate polyacrylamide gel and proteins were
transferred to 0.45um PVDF membranes. After that, these PVDF membranes were blocked in 5% fat-free milk for 2
hours. Then, these membranes were incubated with a mouse anti-human CD24 antibody (1:5000, Proteintech, 67627-
1-Ig), a rabbit anti-human PD-L1 antibody (1:500, Sangon Biotech, D164446), a mouse anti-human HSP90 antibody
(1:5000, Proteintech, 60318-1-Ig) and a mouse anti-human GAPDH antibody (1:50000, Proteintech, 60004-1-Ig) over-
night at 4°C. The second day, these membranes were incubated with a goat anti-mouse IgG or a goat anti-rabbit 1gG
(Zhong Shan Jin Qiao) for one hour. An enhanced chemiluminescent reagent was used to visualize these immunoreactive
bands.
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Plasmid Transfection

The plasmid transfection assays were performed per the standard: 4ul 1ipo3000, 5 uL p3000, 2.5ug CD24 silence
plasmid and 2.5 pg negative control (NC) plasmid per well in a 6-well plate. Plasmid and p3000 was added to one tube,
and lipo3000 was added to the other tube. Then, the contents were mixed well and incubated for 15 min. After that it was
added to a 6-well plate overnight, and the medium was changed the second day to complete the process of plasmid
transfection. The shRNA target sequence for CD24 was 5’-CTTCTGCATCTCTACTCTTAA-3’. The NC sequence was
5’- CCTAAGGTTAAGTCGCCCTCGC-3".

STRING Database and Functional and Pathway Enrichment Analysis
Using the STRING database (https://string-db.org/), genes co-expressed with CD24 were determined to build protein-

protein interaction (PPI) networks.** Subsequently, functional and pathway enrichment analysis of genes co-expressed
with CD24 was conducted by the DAVID database (https://david.nciferf.gov/).*

TISIDB Analysis

The correlations between CD24 and chemokines, immunomodulators, and lymphocytes were assessed by the TISIDB
portal (http://cis.hku.hk/TISIDB).*® In addition, CD24 expression in different immune and molecular subgroups of breast
cancer was analyzed. TISIDB is also a kind of online tool. As long as we submit the gene name, we can get the

corresponding results ultimately.

Microarray Data
Microarray data were generated by downloading the gene expression profile matrix file*” from the Gene Expression
Omnibus (GEO) database (GSE52327). The dataset included data from eight ALDH1A1-positive and -negative breast

cancer samples each. The data processing method is consistent with previous researches.*®°

Data Analysis and Screening for Differentially Expressed Genes (DEGs)

The DEGs from the GEO datasets were processed using the limma R package,*® and the genes with P<0.05 and |log fold
change| > 1 were considered as differentially expressed. The R packages ggpubr and ggthemes were used to create
hierarchical plots of the dataset to visualize the DEGs. The R package pheatmap was applied to draw heatmaps and
assess the expression of selected DEGs.

Statistical Analysis

GEO datasets were analyzed using the R (v.3.5.1) language. The relationships between CD24 expression, PD-L1
expression, and TIL level were analyzed by Pearson correlation. Moreover, the relationships between CD24 expression
and age, histological grade, T grade, N grade, menopausal status, and Ki67 index were analyzed by Chi-square test. The
Kaplan—Meier analysis was conducted to generate survival curves using the SPSS 25.0 software. All statistical analyses
were conducted by the SPSS 25.0 software.

Results
Expression of CD24 and Its Prognostic Effect on TCGA Pan-Tumors

Among TCGA pan-tumors, kidney renal papillary cell carcinoma was correlated with the highest CD24 expression and
uveal melanoma with the lowest expression. Besides, CD24 expression was higher in breast cancer than in a few other
tumor types (Figure 1A). Next, CD24 expression was significantly higher in most TCGA pan-tumors than in normal
tissues (Figure 1B), except in rectum adenocarcinoma and pancreatic adenocarcinoma. In addition, CD24 expression was
significantly higher in breast cancer tissues than in normal tissues (P<0.001). In patients with breast cancer, high CD24
expression was related to significantly worse OS, DSS, DFI, and PFI (Figure 1C-F).
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A Expression of CD24 across TCGA tumors
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Figure | The expression and prognostic effect of CD24 across The Cancer Genome Atlas (TCGA) pan-tumors. (A) CD24 expression across TCGA pan-tumors. (B)
Comparison of CD24 expression in breast cancer and normal tissues across TCGA pan-tumors (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). (C) The prognostic effect of
CD24 expression on overall survival across TCGA pan-tumors. (D) The prognostic effect of CD24 expression on disease-specific survival across TCGA pan-tumors. (E)
The prognostic effect of CD24 expression on disease-free interval across TCGA pan-tumors. (F) The prognostic effect of CD24 expression on progression-free survival
across TCGA pan-tumors.
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Bioinformatic Analysis of CD24 Expression in Breast Cancer and Normal Tissues

The CD24 mRNA level in 20 types of cancer was obtained by the Oncomine tool (Figure 2A). Particularly, the CD24
mRNA level was significantly higher in breast cancer than in normal tissues. In addition, CD24 mRNA levels were
assessed in a few single-study subgroups. In all five subgroups, CD24 mRNA level was significantly higher in breast
cancer than in normal tissues (Figure 2B—F). A meta-analysis of the five subgroups presented a significantly higher CD24
mRNA level in breast cancer than in normal tissues (Figure 2G).

The UALCAN database analysis presented a significantly higher CD24 mRNA level in breast cancer than in normal
tissues (P<0.001, Figure 2H). With regard to the cancer stage, stages 2 and 4 were associated with the highest and lowest
CD24 mRNA level, respectively, albeit without statistical significance (Figure 21). Moreover, patients aged 61-80 years had
the highest CD24 mRNA level and those aged 81-100 years had the lowest level. This difference was also not significant
(Figure 2J). When assessed based on major TNBC subtypes, the highest CD24 mRNA level was noted in patients with
TNBC basal-like 1 subtype and the lowest was noted in patients with TNBC mesenchymal stem-like subtype (both
P<0.001, Figure 2K). Based on the menopause status, the CD24 mRNA level was the highest in post-menopausal patients
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and the lowest in pre-menopausal patients, albeit without significant difference (Figure 2L). Of all histologic subtypes,
medullary and metaplastic carcinoma was associated with the highest and lowest CD24 mRNA level, respectively.
Moreover, the difference was not statistically significant (Figure 2M). With regard to nodal metastasis, patients with the
N3 stage had the highest CD24 mRNA level, while the N1 stage was associated with the lowest, both without statistical
significance (Figure 2N). Moreover, the CD24 mRNA level was significantly higher in patients with TP53 mutation than
those without the mutation (P<0.001, Figure 20).

The Prognostic Effect of CD24 Expression on Patients with Breast Cancer Based on

the Bioinformatic Analysis

Firstly, we explored the prognostic effect of CD24 expression by GEPIA database. Using the data from TCGA-breast
cancer, GEPIA website showed that a high CD24 mRNA level was significantly correlated with a shorter OS (P=0.0083,
Figure 3A). Then, we used Kaplan-Meier plotter database to explore the prognostic effect of CD24 expression. At the
level of breast cancer-mRNA, a high level of CD24 mRNA expression was significantly correlated with a shorter DMFS
(P=2.2e¢-07, Figure 3B), OS (P=4.7¢-05, Figure 3C), RFS (P=4.1e-13, Figure 3D), and PPS (P=0.00034, Figure 3E).
With regard to the level of pan-cancer RNA-seq, a high level of CD24 mRNA was also significantly correlated with
a shorter OS on patients with breast cancer (P=0.0011, Figure 3F). All these results indicate that high CD24 expression

may worsen prognosis in patients with breast cancer.

Correlation of CD24 Expression with PD-LI Expression and TILs Level in Patients
with TNBC

Reportedly, PD-L1 expression can attenuate the positive prognostic effect of high-level TILs on TNBC.?' Owing to the
role of CD24 in regulating the cancer immune environment, the current study assessed whether CD24 expression was
related to PD-L1 or TILs in TNBC. Using the TNBC specimens, CD24 expression, PD-L1 expression, and TIL level
were evaluated (Figure 4A—C). The results revealed that CD24 was significantly positively related to PD-L1 expression
in TNBC (P=0.011; Table 1). Besides, CD24 expression showed a significant negative correlation with TIL level in
TNBC (P=0.015; Table 2). The gene—gene interaction network for CD24 and PD-L1 is depicted in Figure 4D. The results
revealed that CD24, in association with PD-L1, can positively regulate the function of lymphocyte co-stimulation, T cell
co-stimulation, leukocyte activation, lymphocyte activation, immune effector process, mast cell activation, and leukocyte
proliferation.

CD24 Attenuates the Positive Prognostic Effects of High-Level TILs in Patients with
TNBC

The correlations between CD24 expression and clinicopathological characteristics of patients with TNBC are demon-
strated in Table 3. CD24 expression was significantly correlated with higher histological grade (P=0.027) and N grade
(P=0.034). Moreover, CD24 expression was significantly correlated with a shorter DFS (P<0.001; Figure 5A) and OS
(P=0.010; Figure 5B) in patients with TNBC. Furthermore, PD-L1 expression was significantly related to a poor survival
outcome. Thus, we further assessed if CD24 and PD-L1 co-expression contributed to a worse prognosis. The results
revealed that CD24+/PD-L1+ patients had the shortest DFS (P<0.001; Figure 5C). Although there was no significant
difference between CD24+/PD-L1+ patients and CD24+/PD-L1-, CD24-/PD-L1+ patients with regard to OS, the former
had the shortest OS (Figure 5D). These results indicate that CD24 and PD-L1 co-expression can worsen the survival
outcome of patients with TNBC.

High-level TILs can improve the survival outcomes of patients with TNBC.?"*! Notably, CD24 expression was
significantly correlated with a shorter DFS (P=0.004; Figure 5E) and OS (P=0.006; Figure 5F) in patients with high
TIL levels. Therefore, CD24 may attenuate the positive prognostic effects of high-level TILs on patients with
TNBC.
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Figure 3 The prognostic effect of CD24 expression on patients with breast cancer based on the bioinformatic analysis. The effect of CD24 mRNA expression on the OS of
breast cancer patients gain from the GEPIA database (A). In the level of breast cancer-mRNA, the effect of high CD24 expression on DMFS (B), OS (C), RFS (D), and PPS
(E) which was gain from Kaplan-Meier plotter database. In the level of pan-cancer RNA-seq, the effect of high CD24 expression on OS (F) which was gain from Kaplan-
Meier plotter database.

CD24 Can Directly Regulate the Expression of PD-LI in MDA-MB-231 TNBC Cell

To explore the association between CD24 expression and PD-L1 expression. We firstly detected the expression of PD-L1
and CD24 on various breast cancer cell lines. In MDA-MB-231 cell, there is a relatively high expression level of both
CD24 and PD-L1 (Figure 6A). Furthermore, in MDA-MB-231 cells, we silenced the expression of CD24 by shRNA,
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specimens. (B and C): Immunohistochemistry analysis detailing PD-LI| expression and TIL level. (D) Construction of gene—gene interaction network for CD24 and PD-LI

expression using the GeneMANIA database.
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Table | The Correlation Analysis of CD24 and PD-LI| Expression in Patients with TNBC

CD24 Expression
PD-LI Expression Number Negative Positive R value P-value
Negative 134 106 28 0.191 0.011
Positive 42 25 17
Number 176 131 45

Table 2 The Correlation Analysis of CD24 Expression and TILs in Patients with TNBC

CD24 Expression
TILs Number Negative Positive R value P-value
High level TILs 123 98 25 —0.183 0.015
Low level TILs 53 33 20
Number 176 131 45

Table 3 The Correlations Between CD24 Expression and
Clinicopathological Characteristics of Patients with TNBC

Variables CD24 Positive (%) | CD24 Negative (%) | P-Value
No. of Patients 45 (25.6) 131 (74.4)
Age (year) 0.995
<45 12 (26.7) 35 (26.7)
>45 33 (73.3) 96 (73.3)
Histological grade 0.027
[ 0 8 (6.1)
Il 23 (51.1) 84 (64.1)
1] 22 (48.9) 39 (29.8)
T grade 0.681
| 12 (26.7) 35 (26.7)
2 32 (71.1) 89 (67.9)
3 1(22) 7 (54)
N grade 0.034
0 25 (55.6) 100 (76.3)
| 14 (31.1) 23 (17.6)
2 2 (44) 5(3.8)
3 4 (8.9) 3(23)
Menopausal status 0.733
Premenopausal 21 (46.7) 65 (49.6)
Postmenopausal 24 (53.3) 66 (50.4)
Ki6é7 index 0.556
>20% Il (24.4) 38 (29.0)
<20% 34 (75.6) 93 (71.0)

then we found that CD24 silence can significantly decrease the expression of PD-L1 (Figure 6B). All these results proved
that CD24 can directly regulate the expression of PD-L1 in MDAMB-231 TNBC cell.

PPl Network and Functional and Pathway Enrichment Analysis
The PPI network of CD24 co-expressed genes constructed using the STRING database was shown in Figure 7A.
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CD24 expression in TNBC patients with high TIL level.

The GO analysis interprets data in three domains: biological process (BP), cellular component (CC), and molecular
function (MF). The analysis revealed that CD24 co-expressed genes were primarily enriched in leukocyte adhesion (BP),
plasma membrane (CC), and protein complex binding (MF). Detailed results of GO analysis are shown in Figure 7B-D.
The KEGG pathway enrichment demonstrated that the CD24 co-expressed genes were enriched in cancer-related
pathways such as leukocyte transendothelial migration, T-cell receptor signaling pathway, natural killer (NK) cell-
mediated cytotoxicity, and B-cell receptor signaling pathway (Figure 7E).

Regulation of Immune-Related Molecules by CD24

Barkal et al suggested that CD24 contributes to immune escape by binding to the inhibitory receptor Siglec-10.%
Moreover, the KEGG analysis presented that CD24 and its co-expressed genes may regulate immune-related pathways.
Thus, this study further explored the regulation of immune-related molecules by CD24 using TISIDB database. The
relationship between CD24 expression and chemokines was presented in Figure 8A. In patients with breast cancer, CD24
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Figure 6 CD24 can directly regulate the expression of PD-LI in MDAMB-231 TNBC cell. (A) The expression of CD24 and PD-LI in six kinds of breast cancer cell lines. (B)
The expression of CD24 and PD-LI in MDA-MB-231 TNBC cells after the silence of CD24 expression (**P<0.01).

showed the greatest association with the chemokines CCL7, CCL14, CCL20, and CXCL14. Moreover, the chemokine
receptors that CD24 showed the greatest association with were CCR10, CX3CR1, CXCR2, and CXCR4 (Figure 8B).
Immunomodulators were classified into immunoinhibitors, immunostimulators, and major histocompatibility complex
(MHC) molecules. Figure 8C showed the correlations between CD24 expression in breast cancer and immunoinhibitors.
CD24 showed the greatest association with the immunoinhibitors IDO1, TGFB1, TGFBR1, and VICNI. Figure 8D
presented the relationship between CD24 expression and immunostimulators. The immunostimulators that CD24 was
highly associated with were ICOSLG, TNFRSF14, TNFSF13, and ULBP1. With regard to MHC molecules, CD24 was
highly associated with HLA-DOA, HLA-DOB, HLA-DPA1, and HLADPB1 MHC molecules (Figure 8E). Figure 8F
showed the relationships between CD24 expression and TILs. CD24 was highly associated with the following TILs:
eosinophils, neutrophils, NK cells, and pDC.

Mechanism Underlying the Regulation of CD24 Expression in Breast Cancer
Reportedly, CD24 is highly correlated with breast cancer stem cell biomarker ALDH1A1.** In line with this, we assessed
the GEO dataset GSE52327 which included 8 ALDH1A1+ and 8 ALDH1A1- breast cancer samples. We used this dataset
to identify DEGs and explore if CD24 expression is influenced by ALDH1A1. However, no changes were noted in CD24
expression in this dataset (Supplementary Figure 1A).

Because CD24 and its binding proteins form an interaction network, each protein in the network may regulate each
other to play a role. Therefore, we further used this dataset to analyze whether ALDHIA1 expression affected the
expression of other CD24 binding proteins. As a result, to indirectly regulate CD24 expression, volcano plots were
plotted to assess DEGs from the dataset (Supplementary Figure 1B). Using a Venn diagram, common DEGs were

screened from this dataset along with CD24-binding proteins (Supplementary Figure 1C). These screened proteins are

shown in Supplementary Figure 1A. We further explored the correlations between these screened proteins and CD24
using the GEPIA dataset. GEPIA dataset also showed that the expression of ALDH1A1 was not significantly correlated
with CD24 in breast cancer (Supplementary Figure 1D). Other results revealed that only CD44 showed a significant

positive correlation with CD24 (P=0.017; Supplementary Figure 1E), and SELPLG showed a significant negative

978 https: Breast Cancer: Targets and Therapy 2023:15

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=409054.docx
https://www.dovepress.com/get_supplementary_file.php?f=409054.docx
https://www.dovepress.com/get_supplementary_file.php?f=409054.docx
https://www.dovepress.com/get_supplementary_file.php?f=409054.docx
https://www.dovepress.com/get_supplementary_file.php?f=409054.docx
https://www.dovepress.com/get_supplementary_file.php?f=409054.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Zhu et al

Biological Process

Integrin-mediated signaling pathway- [ ]
Cell adnesion °
B Biological adhesion [ ]
Cell-matrix adhesion: .
Cell-substrate adhesion{ L]
el surface receptor nked signal ransduction Y
Cell motion. °
Leukocyte adhesion { . ~log1o(P Value)
2
Cell migration { o
2
Localization of cell L] 15
Cell motilty o
Gene counts
Lymphocyte activation { ° ® 10
® 20
Heterophic cal adhesion . ® ©
Positive regulation of cell communication { °
Leukocyte differentiation { .
Positive regulation of MAP kinase activity { .
Positive regulation of signal transduction { °
Lymphocyte differentiation { .
Leukocyte activation{ °
Cell-cell adhesion °
[] 4 [
Gene Ratio
C Cellular Components D Molecular Function E
KEGG
Integrin complex { . Integrin binding { [ ]
Focal adnesion { [ ]
Receptorcompix . Protencomplx binding | Y
ECM-receptor interaction { L]
Prasma membrane part| ° Giycoproten binding | °
Reguiation of actin cytoskeleton { °
ol sutace: ° Epidermal growth actor receptor inding { .
Arthythmogenic right ventricular cardiomyopathy (ARVC) { L]
Plasma membrane { [ ] Insulin receptor substrate binding { .
Cell adhesion molecules (CAMs) | L
Extemal side of plasma membrane | . Cotagen binding { .
Hypertrophic cardomyopathy (HCM) { .
Basolateral plasma membrane | ° Carbohydrate binding { L] ot .
cardiomyopathy |
—logyo(P Value) ~logro(P Value)
Adherens junction { . ‘Sialc acid binding { . Gene counts
bl €48 signaiing pathway { . .
s 100 ° 0
Get-substatsjnction { . 5 Protein domain speciic binding { ° 7 T ° ® s
iways ncancer { P
w0 50
Aochorg ncion . €108-3 class recepor g | L
s class 25 Leukacyte ransendpelal mgraton .
Intinsic to plasma membrane | nzyme tinding { Gene ~10g1o(P Value)
= s Gene counts © o counts Endometsial cancer { . m;( )
3
® 10
Apical partof cell . P Calcium ion binding{ ) o JR— < j';
® » e
el pojecton: . @« Protein tyrosine kinase actvatoractviy . [ 3 [— . ©
@ s
Focalaahesion . spanning protin tyrosine kinase actviy . Prostte concer | .
Integrai o pasma membrane{ ° Kinase binding { ° Non-small cefl g cancer { .
Cel-substate adherens uncton | . Proten heterodimerzaton aciviy { ° oot recepto signaing paway { .
Cellleading edge { . Protein kinase actvator actviy { . Gioma. .
Membrane rat . Giycosaminogiycan bindng . Natura il cellmediated cyotosciy .
el junction: . Protein knase binding { . Renalcat caranoma {
Microvius - Poiysaccharide bindng { . 8 cel receptor signaing patay |
S z L. ¢ § 3 7 3 7 z 3 7 H
Gene Ratio Gene Ratio Gene Ratio

Figure 7 Construction of PPl network and exploration of CD24 molecular functions and regulation pathways. (A) The PPl network of CD24 was constructed based on the
STRING database. (B) GO biological process. (C) GO cellular component. (D) GO molecular function. (E) Pathway enrichment analysis of CD24 and its co-expressed genes
based on the Kyoto Encyclopedia of Genes and Genomes database.

correlation with CD24 (P=0.049; Supplementary Figure 1F). No other proteins were significantly related to CD24

expression (Supplementary Figure 1G). Therefore, CD44 and SELPLG may regulate CD24 expression. Besides,

ALDHI1A1 was negatively correlated with CD44 and SELPLG expression (Supplementary Figure 1A). However,

CD44 was positively correlated with CD24 expression, and SELPLG was negatively correlated with CD24 expression.
This may preliminarily explain why ALDH1A1 does not affect the expression of CD24.

Methylation of N6 adenosine (m6A) is one of the most common types of RNA modification that significantly
contributes to the invasion and metastasis of TNBC.**"*¢ In addition, m6A methylation regulates the expression of key
oncogenes.*” Therefore, this study explored the relationship between 20 primary regulators of m6A RNA methylation (11
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Figure 8 Regulation of immune-related molecules by CD24 in breast cancer. (A) Correlation between CD24 expression and chemokine and top 4 chemokines exhibiting
the greatest correlation with CD24 expression. (B) Correlations between chemokine receptor and CD24 expression and top four chemokine receptors showing the
greatest correlation with CD24 expression. (C) Correlations between CD24 expression and immunoinhibitors and top 4 immunoinhibitors exhibiting the greatest
correlation with CD24 expression. (D) Correlations between CD24 expression and immunostimulators and top 4 immunostimulators exhibiting the greatest correlation
with CD24 expression. (E) Correlations between CD24 expression and MHC molecules and top 4 MHC molecules showing the greatest correlation with CD24 expression.
(F) Correlations between CD24 expression and TlLs and top 4 TILs exhibiting the greatest correlation with CD24 expression.

readers, 7 writers, and 2 erasers) and CD24 expression.48 For readers, HNRNPA2B1, IGF2BP3, RBMX, YTHDF2, and
YTHDEF3 showed significant positive correlation with CD24. For writers, METTL3 showed a significant negative
correlation and RBM15 and WTAP showed a significant positive correlation with CD24 (Supplementary Figure 2A).
None of the erasers were significantly correlated with CD24. No other regulators of m6A RNA methylation were
significantly correlated with CD24 (Supplementary Figure 2B).

Discussion

Only a few studies have explored the role of CD24 gene in the development of overall breast cancer preliminarily. Zhang
P et al found that CD24 gene amplification significantly contributed to the overexpression of CD24 mRNA, and was
significantly related to a worse OS in overall patients with breast cancer.** However, they did not explore the effect of
CD24 gene amplification on the expression of CD24 protein and prove the effect of CD24 protein overexpression using
their own solid data. Also, they only found that CD24 gene amplification was mostly enriched in breast cancer of basal-
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like subtype by online tools. However, they did not validate this by clinical TNBC specimens, their results were not very
convincing. This point guided the further research direction for CD24: the role of CD24 in TNBC. Our study exactly
explored this important issue. In this study, we firstly validated the high expression and adverse prognostic effect of
CD24 on patients with TNBC using clinical TNBC specimens. Then, we further explored the co-expression of CD24 and
PD-L1 may contribute to a worse survival outcome for patients with TNBC. At last, we found that CD24 high expression
can attenuate the positive effects of high-level TILs on the prognosis of patients with TNBC. All these results were firstly
found by our group, and predicted that CD24 may serve as a potential therapy target for patients with TNBC.

Another previous study aimed to evaluate the regulatory role of CD24 in patients with TNBC.’® The findings
demonstrated that patients with CD24-positive TNBC had poor DFS and OS after taxane-based treatment. Moreover,
high CD24 expression was associated with increased resistance to docetaxel, and CD24-knockdown cells were more
sensitive to docetaxel. Furthermore, CD24 regulates the chemosensitivity of TNBC by Bcl-2 and TGF-BR1 signaling via
the ATM-NDRG2 pathway.>® Moreover, it has been found that CD24 knockdown can reduce lymph node and lung
metastases as well as the number of blood and lymphatic vessels in the tumor microenvironment. In addition, CD24
silencing can impair EGFR/Met-mediated signaling and decrease the expression of lymphangiogenesis- and angiogen-
esis-related factors, including vascular endothelial growth factors A and C. This occurs via the promotion of EGFR and
Met protein instability via the lysosomal degradation pathway in TNBC cells.”' To further support this, in TNBC, CD24
was been shown to bind with Siglec-10, thus emitting a “Don’t eat me” signal.'* Irrespective, there are no studies
assessing the role of CD24 in regulating the cancer immune environment and the relationship between CD24 and PD-L1
in TNBC.

Previous reported studies on CD24 in breast cancer have primarily focused on its role in stem cells, such as CD44"/
CD24 " cells.’”**>* However, in breast stem cells, CD24 was negative. Studies evaluating the role of CD24 in the
prognosis of patients with breast cancer have found that high CD24 expression is correlated with worse survival
outcomes.'*>® These results indicate that the function of CD24 in TNBC is complex. Accordingly, our study primarily
explored the regulation of immune-related molecules by CD24 and the correlations between CD24 expression, PD-L1
expression, and TIL level. In addition, the study evaluated CD24 expression in breast cancer and normal tissues, the
relationship between CD24 expression and clinicopathological characteristics, and the role of CD24 expression in the
prognosis of patients. The study found that CD24 could regulate certain chemokines, such as CCL7, CCL14, CCL20, and
CXCL14; immunoinhibitors, such as IDO1, TGFB1, TGFBRI1, and VTCNI1; immunostimulators, such as ICOSLG,
TNFRSF14, TNFSF13, and ULBP1; MHC molecules, such as HLA-DOA, HLA-DOB, HLA-DPA1, and HLADPB1; and
TILs, such as eosinophils, neutrophils, NK, and pDC. GeneMANIA database analysis revealed that CD24 may act in
association with PD-L1 to participate in altering the cancer immune environment. Furthermore, we found CD24
expression was significantly positively related to PD-L1 expression and negatively associated with TIL levels. CD24
and PD-L1 co-expression contributed to worse survival outcomes. In addition, CD24 expression was found to attenuate
the positive effects of high-level TILs on the prognosis of patients with TNBC by using clinical TNBC samples. Most
importantly, we also found that CD24 can directly regulate the expression of PD-L1 in TNBC cells. All these results
predicted that CD24 may contribute to breast cancer immune escape by interacting with PD-L1, in addition to Siglec-10.
Thus, CD24 may serve as a target for immunotherapy of TNBC. We think our results may create a new approach to
clinical immunotherapy for TNBC.

The present study additionally explored the mechanism underlying the regulatory role of CD24 in breast cancer using
bioinformatic tools. Analysis of the GEO dataset GSE52327 suggested that ALDHIA1 (breast cancer stem cell
marker)’”® regulates CD24 expression by either CD44 or SELPLG. Notably, m6A in mRNA has become a crucial epi-
transcriptomic modification that can control cancer cell self-renewal and fate, thus regulating breast cancer
progression.*>>°"®! Therefore, we further explored whether the regulators of m6A RNA methylation influence CD24
expression. GEPIA database analysis revealed that HNRNPA2B1, IGF2BP3, RBMX, YTHDF2, YTHDF3, METTL3,
RBM15B, and WTAP may participate in regulating CD24 expression in breast cancer. However, this was a main
limitation of our study. Future in vitro and in vivo studies are required to validate the exact molecular function and the

regulatory mechanism underlying CD24 in patients with TNBC.
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Conclusions
In conclusion, CD24 expression was significantly higher in breast cancer than in normal tissues and was associated with

worse survival outcomes in patients with TNBC. Moreover, CD24 expression showed a significant positive correlation

with PD-L1 expression and a negative correlation with TIL level. CD24 and PD-L1 co-expression contributed to worse

survival outcomes. In addition, CD24 could further attenuate the positive effects of high TIL levels on the survival
outcomes of patients with TNBC. CD24 can also regulate the expression of PD-L1 in TNBC cells. Finally, CD24 may act
with PD-L1 to regulate cancer immune escape, to serve as a target for immunotherapy in TNBC.
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