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1 | INTRODUCTION

In 2020, for the first time, breast cancer in women surpassed lung
cancer to become the most commonly diagnosed cancer.* Although
only 15%-20% of breast cancers are triple-negative breast cancer
(TNBC), this subtype is more clinically invasive and has a higher
recurrence rate than non-TNBC (nTNBC) subtypes.?® The 5-year
overall survival (OS) rate of female patients with advanced TNBC
is only approximately 15%, and more than 90% of deaths are due
to metastasis.* Bone is the most common site of breast cancer
metastasis, and the incidence of bone metastasis in patients with
advanced breast cancer is 65%-75%.° Skeletal-related events,
such as pathological fractures, spinal cord compression, and bone
surgery, caused by bone metastasis seriously affect quality of life
and even cause death.® Currently, the goal of these treatments in
most cases is not a cure but remission; thus, most treatments are
palliative.” Radiotherapy, osteoclast suppression, chemotherapy,
and supportive interventions are the mainstream recommended
regimens.” Osteoclast inhibitors, including bisphosphonates, have
become the principal therapeutic drugs.”® Denosumab can also
target receptor activator for NF-xB ligand (RANKL) to inhibit bone
destruction.” However, osteoclast inhibitors induce osteonecrotic
events in the jaw.'° Additionally, osteoclast inhibitors did not signifi-
cantly improve patient OS in premenopausal women without ovar-
ian suppression.“'12

Intercellular adhesion molecule 1 (ICAM1) plays an important
role in cell proliferation, cell differentiation, cell motility, apoptosis,
and tissue structure.® Preliminary studies have shown that higher
expression of ICAM1 is associated with tumor migration and inva-
sion in TNBC, unlike in other subtypes. 14,15 Homophilic interac-
tions of ICAM1 in circulating tumor cell clusters in breast cancer
confer increased tumor invasiveness, mediate cell aggregation, en-
hance tumor endothelial adhesion for endothelial migration, and
thus enhance lung metastasis.}® ICAM1 mediates intercellular ad-
hesion events in immune responses and plays an important role in
the tumor immune microenvironment by interacting with its ligands,
such as LFA-1 and MAC-1." In addition, ICAM1 induces osteoclasto-
genesis, which creates a microenvironment favorable for bone me-
tastasis of tumor cells.'® Therefore, ICAM1 may play an important
role in breast cancer bone metastasis and may be a new therapeu-
tic target for TNBC bone metastasis. Thus, in this study, the role of
ICAM1 in TNBC bone metastasis was investigated, and its molecular
mechanism was elucidated for the first time.

2 | MATERIALS AND METHODS

2.1 | Materials

A hematoxylin-eosin (HE) staining kit, a tartrate-resistant acid phos-
phatase (TRAP) staining kit, phosphate-buffered saline (PBS), and
EDTA antigen retrieval buffer (pH 9.0) were obtained from Servicebio.
SYBR Green Master Mix was purchased from MedChemExpress. A

diaminobenzidine (DAB) color reagent kit was obtained from DAKO.
DMEM, antibiotic-antimycotic solution, fetal bovine serum (FBS),
and bovine serum albumin (BSA) were obtained from Gibco. PCR
primers and RNase inhibitors were purchased from Sangon Biotech.
Matrigel matrix, 96-well plates and 24-well Transwell Millipore
chambers were purchased from Corning. Antibody information is
provided in Table S1, S2. Horseradish peroxidase (HRP)-conjugated
secondary antibodies were purchased from Abcam or Servicebio. A
highly sensitive ECL detection kit (ready-to-use) was purchased from
Vazyme. All other chemicals were obtained from Sinopharm unless
otherwise indicated.

2.2 | Animals and xenograft model establishment
Six-week-old female BALB/c nu/nu mice were housed in a specific
pathogen-free room with a controlled temperature (24 +2°C) and
light cycle (12-hour light/dark cycle). All animals had free access to
water and food during the experimental period. All animal experi-
ments were carried out according to the national regulations for
animal experimentation and approved by the Institutional Animal
Care and Use Committee of the First Affiliated Hospital of Zhejiang
Chinese Medical University (approval number 2020-KL-168-01).

The xenograft experiment was performed as described in our
previous work.? In brief, firefly luciferase-labeled MDA-MB-231 pa-
rental (Par), BM, or shiICAM1 BM (KD) cells (0.1 ml/mouse, 1x 10’ or
0.5% 10° cells/ml) were injected into the left ventricles of mice after
anesthetization with sodium pentobarbital (50mg/kg). BLI was per-
formed to detect tumor cells 2 hours after tumor cell injection. After
unsuccessfully injected mice were removed from the study, BLI was
performed weekly after the mice were anesthetized with sodium
pentobarbital. The BLI signal was normalized using the mean value
of the first detected signal intensity. Representative tumor-bearing
mice were selected for X-ray and PET-CT imaging on the first 3days
of the experiment and the 2days before the end of the experiment,
respectively. On the last day of the experiment, the anesthetized
animals were assessed by BLI, and the suspected bone metastases
were then harvested according to the test results. After the bone
metastases were fixed with fresh 4% paraformaldehyde solution,
they were paraffin embedded and sectioned by routine techniques
for HE staining, TRAP staining, and immunohistochemical (IHC)
staining.

2.3 | Bioinformatic enrichment analyses

Gene over-representation analysis (ORA) was performed as de-
scribed in our recent work.?° In brief, the candidate differentially
expressed genes (DEGs) with P value <0.05 and |[fold change|>2
were subjected to enrichment analysis with the Reactome database
(release version 79, https://reactome.org/). In addition, gene set en-
richment analysis (GSEA) was performed using WebGestalt 2019
(http://www.webgestalt.org/).2! Protein-protein interaction (PPI)
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analysis was performed using NetworkAnalyst (version 3.0, https://
www.networkanalyst.ca/NetworkAnalyst/faces/home.xhtml).?2
Pathway activity analysis was performed using GSCALite (http://

bioinfo.life.hust.edu.cn/web/GSCALite/).%

2.4 | Overall survival analysis of breast cancer
patients with different levels of ICAM1 expression

Affymetrix Human Genome U133A Array data for HER2-negative
breast cancer patients were downloaded from Gene Expression
Omnibus (GEO; GSE25055, N = 310). Survival differences be-
tween the patients with high and low ICAM1 gene expression levels
were estimated by plotting Kaplan-Meier survival curves with the
Bioinformatics online resource (http://www.bioinformatics.com.cn/

plot_basic_kapIan_meier_survival_curve_plot_040).24

2.5 | Statistical analysis

All results are presented as the mean+standard deviation values.
One-way analysis of variance (ANOVA) followed by Dunnett's post
hoc test was applied to determine statistical significance. For the
bioinformatics analyses, statistical analysis was performed accord-
ing to the default parameters of the corresponding software. A two-
tailed P value <0.05 was considered statistically significant.

For other methods, please refer to Appendix S1.

3 | RESULTS

3.1 | Interleukin-10 (IL-10) signaling was the top
enriched pathway related to TNBC bone metastasis

The GSE20611 dataset contains data for weakly bone metastatic var-
iants (Dor), reactivated cells with high bone metastatic activity after
dormancy in bone metastases (Pdor), and parental MDA-MB-231
cells (Par). The intragroup differences in these cells with different
levels of bone metastatic activity were small but the intercell dif-
ferences were significant (Figure 1A). Among these different types
of cells, numerous DEGs were found (Figure 1B). Through further
expression trend analysis, 312 DEGs associated with high bone met-
astatic activity were found (Figure 1C,D, Table S3). The expression
patterns of these DEGs aptly characterized the predilection of these
different types of cells for bone metastasis (Figure 1E). Reactome
enrichment analysis with these DEGs indicated that they were en-
riched in numerous signaling pathways (Figure 1F). Most of the path-
ways were related to signal transduction, the immune system, etc.
(Figure 1G). IL-10 signaling was the top-ranked enriched pathway
related to TNBC bone metastasis (Figure 1H,L). In addition, the pro-
teins encoded by the IL-6, VEGFA, CSF2, IL-8 (CXCL8), and ICAM1
genes were the top-ranked proteins in the PPl network, and these
top-ranked proteins interacted with other proteins (Figure 1J,K). The

pathway activity results of the top 10 genes indicated that these
genes were involved in apoptosis, the cell cycle, the DNA damage re-
sponse, and epithelial-to-mesenchymal transition (EMT; Figure 1L).
The GSEA results indicated that IL-10 signaling was inhibited in
the weakly bone metastatic breast cancer cell line compared with the
parental MDA-MB-231 cells (Figure 2A,B). In contrast, IL-10 signal-
ing was activated in the highly bone metastatic breast cancer cell line
compared with the weakly bone metastatic cell line (Figure 2C,D).
The expression levels of the genes involved in IL-10 signaling also
indicated the degree of bone metastasis (Figure 2E,F). CSF1, CSF2,
IL-6, IL-8 (CXCLS8), and ICAM1 were the top-ranked genes in both
REACTOME enrichment analysis and GSEA (Figure 2G,H).

3.2 | BMcells with high bone metastases have
higher levels of ICAM1

In TNBC patients, ICAM1 mRNA and protein levels were significantly
increased compared with those in healthy subjects or nTNBC pa-
tients in The Cancer Genome Atlas (TCGA) and the Clinical Proteomic
Tumor Analysis Consortium (CPTAC) database (Figure 3A,B). In an-
other independent GEO dataset (GSE25055), the ICAM1 mRNA
expression level was significantly higher in the TNBC group than
in the nTNBC group (Figure 3C). Moreover, patients with higher
ICAM1 expression levels had worse survival outcomes (Figure 3D).
After multiple cycles of tumor cell injection into the left ventricles
of mice combined with primary cell isolation and culture, the highly
bone metastatic MDA-MB-231BM (BM) TNBC cell line was obtained
(Figure 3E). Interestingly, the mRNA and protein expression levels
of ICAM1 in BM cells were higher than those in the parental cells
(Figure 3F). However, the proliferation of these two cell lines was
not significantly different (Figure 3G). The in vitro migration and in-
vasion abilities of BM cells were greatly enhanced compared with
those of the parental cells (Figure 3H,l). The BLI results indicated
that BM cells, with high expression of ICAM1, had a higher level of
bone metastatic activity than the parental cells (Figure 3J). The X-ray
and PET-CT imaging results also suggested that ICAM1 enhanced
the bone-destroying capability of tumor cells (Figure 3K,L). In addi-
tion, the survival time of mice bearing tumors formed from BM cells
was significantly shorter than that of mice bearing tumors formed
from the parental cells (Figure 3M). The pathological HE and TRAP
staining results also confirmed that BM cells indeed exhibited higher
levels of bone metastatic activity and bone destruction than the pa-
rental cells (Figure 3N,0). Moreover, the expression of ICAM1 in le-
sions with severe bone metastasis was significantly higher than that

in lesions with less severe bone metastasis (Figure 3P).

3.3 | shICAM1 inhibited TNBC bone metastasis

To further explore the role of ICAM1 in TNBC bone metastasis, we
used shRNA to silence ICAM1 gene expression in BM cells. shICAM1
significantly decreased ICAM1 expression at both the mRNA and
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FIGURE 1 Interleukin-10 (IL-10) signaling was the top enriched pathway related to triple-negative breast cancer (TNBC) bone metastasis
according to gene enrichment analysis. A, Principal components analysis (PCA) of the gene set in GSE20611. B, Volcano plot of the DEGs
(left: Dor vs. Par; right: PDor vs. Dor). Dor, MDA-MB-231 with weakly bone metastatic variants; PDor, MDA-MB-231 reactivated cells

with high bone metastatic activity after dormancy in bone metastases; and Par, parental MDA-MB-231 cells. p<0.05 and |fold change
(FC)|> 2 were set as the criteria for differential expression. C, Cluster analysis of the DEGs. D, Venn diagram showing the overlapping
DEGs. E, Heatmap of the 312 candidate DEGs obtained from (D). F, Results of Reactome enrichment analysis with the 312 candidate DEGs.
Pathway classification (G), top 10 pathways (H), and pathway distribution (l) results of the Reactome enrichment analysis. J, Protein-protein
interaction (PPI) network of the 312 candidate DEGs and the top 10 proteins according to the MCC score with Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) PPI network functional enrichment analysis. K, PPl network of the top 10 genes in (J). L, Pathway
activity analysis of the top 10 genes in (J) using GSCALite. DEGs, differentially expressed genes; MCC, maximal clique centrality

protein levels (Figure 4A). Although shICAM1 did not noticeably af-
fect cell proliferation, it significantly reduced BM cell migration and
invasion (Figure 4B-D). Interestingly, shiICAM1 significantly inhibited
cancer cell growth in mice (Figure 4E). Bone destruction was also
well controlled by shICAM1 (Figure 4F,G). The proliferation of tumor
cells in bone metastases was significantly reduced by shICAM1
(Figure 4H). Additionally, ICAM1 expression in bone metastases was
decreased by shICAM1 (Figure 4l).

3.4 | ICAM1 was correlated with EMT-,
apoptosis-, and cell cycle-related genes

To explore the signaling pathways regulated by ICAM1, we per-
formed Reactome enrichment analysis with the genes significantly
differentially regulated by silCAM1 (Table S4) based on previous
work.'® Cytoskeleton- or cell movement-, apoptosis-, and TGF-
B-related signaling pathways were the main enriched pathways
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FIGURE 2 The interleukin-10 (IL-10) signaling pathway was the top enriched pathway related to TNBC bone metastasis according to
GSEA. Results of GSEA comparing the Dor and Par (A) and PDor and Dor (C) groups in GSE20611 by WebGestalt. B, D, The IL-10 signaling
pathway was the top-ranked pathway identified using WebGestalt. Heatmap showing the differential expression of genes involved in IL-10
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in IL-10 signaling between the Dor and Par and the PDor and Dor groups. H, Venn diagram showing the overlapping genes involved in IL-10
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(Figure 5A). Therefore, correlation analysis between the main such as BCL-xL, MCL1, and BAGé, were positively correlated with
genes in the above pathways and ICAM1 was performed, and inter- ICAM1, while proapoptotic genes, such as BAD and RASA1, were
esting results were obtained. Integrins, especially aL, aM, and 2, negatively correlated with ICAM1 (Figure 5B). Cell cycle regula-

were positively correlated with ICAM1 (p <0.05; Figure 5B). EMT- tory genes, such as CCNB1, CCNG1, and CDKs, were negatively
related transcription factors (TFs), such as SNAIL and ZEB, were correlated with ICAM1, while CDKN1A and CCND1 were posi-
positively correlated with ICAM1 (Figure 5B). EMT marker tight- tively correlated with ICAM1 (Figure 5B). Migration-related genes
junction genes were negatively correlated with ICAM1, while gap were also positively correlated with ICAM1, as were the integrin
junction genes were positively correlated with ICAM1 (Figure 5B). downstream genes GSK3A and ILK (Figure 5B). Although most
MMPs were positively correlated with ICAM1 (Figure 5B). TGF- NOTCH, BMP, and WNT pathway genes were positively correlated
B1 was positively correlated with ICAM1, and TGFBR3 was neg- with ICAM1, the correlations were not significant (Figure 5B). In
atively correlated with ICAM1 (Figure 5B). Antiapoptotic genes, addition, PISK/AKT pathway genes, such as PIK3C2A, PIK3C2G,
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and AKT1, were negatively correlated with ICAM1 (Figure 5B).
Validation analysis using BM cells and the parental cells was then
performed. The results were consistent with the results of the
correlation analysis (Figure 5C). Flow cytometric analysis also
showed G1/S arrest in BM cells, which have high expression of
ICAM1, and indicated a significant decrease in their apoptosis rate
(Figure 5D,E). Finally, we selected typical representatives from the
above genes for Western blot verification and found similar re-
sults (Figure 5F). In particular, phospho-SMAD2/3 were elevated
in highly bone metastatic BM cells compared with MDA-MB-231

cells, and ICAM1 silencing significantly reduced phospho-
SMAD2/3 levels in BM cells (Figure 5F). We then compared the
expression of ICAM1, TGF-p1, integrin B2, and EMT markers in
bone metastases formed in tumor-bearing mice from cancer cells
with different levels of bone metastatic activity. BM cells resulted
in more severe bone damage, accompanied by high expression lev-
els of ICAM1, TGF-B1, integrin f2, and N-cadherin (Figure 6). After
shRNA-mediated ICAM1 gene silencing, the expression levels of
ICAM1, TGF-B1, integrin p2, and N-cadherin were decreased, and

bone metastasis was significantly alleviated (Figure 6).
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FIGURE 3 Bone metastatic MDA-MB-231BM (BM) cells with high bone metastases have higher levels of ICAM1. A, ICAM1 mRNA
expression in the TCGA BRCA cohort was analyzed using UALCAN (http://ualcan.path.uab.edu/index.html; N = 833). B, ICAM1 protein
expression in the Clinical Proteomic Tumor Analysis Consortium (CPTAC) BRCA cohort was analyzed using UALCAN (N = 108). C, mRNA
expression levels of ICAM1 in GSE25055. D, Differences in the overall survival (OS) of patients with breast cancer in the high and low
ICAM1 expression groups in the GSE25055 cohort (N = 310). E, Process for establishing the MDA-MB-231BM (BM) TNBC cell line with high
bone metastatic activity. F, Protein and mRNA expression levels of ICAM1 in BM cells and the parental cells (N = 3). G, Comparison of cell
proliferation between two TNBC cell lines. Representative images and quantitative analysis of migration (H) and invasion (I) in BM TNBC
cells and its parental cells (N = 3). J, ICAM1 promoted bone metastasis detected by bioluminescence imaging (BLI) in TNBC cell-bearing
mice. Cell suspensions (1 x 107 cells/ml) were prepared, and 1x 10° cells (0.1 ml/mouse) were injected into the left ventricles of mice. In vivo
BLI was used to monitor tumor cell proliferation in mice 2 h after injection and weekly thereafter. The signal intensity was normalized to

the signal at 2h post injection. The MDA-MB-231 parental cell group and the BM cell group contained eight and seven mice, respectively.
ICAM1 promoted bone metastasis, as detected by X-ray (K) and PET-CT (L) imaging, in tumor-bearing mice 4 weeks after tumor cell injection.
M, ICAM1 reduced the survival of tumor-bearing mice. N, ICAM1 increased tumor cell growth in bone metastases in tumor-bearing mice

(N = 3). O, ICAM1 promoted bone destruction (TRAP cells) in tumor-bearing mice (N = 3). P, Immunohistochemical (IHC) analysis of

ICAM1 in bone metastases formed from two different bone metastatic cell lines. *p <0.05, **p <0.01 vs. the Par or nTNBC group. ICAM1,

intercellular adhesion molecule 1; TNBC, triple-negative breast cancer

3.5 | ICAML1 regulated cell migration via integrin-
mediated TGF-f/EMT signaling

The above results suggested that interactions between ICAM 1 and
its integrin ligands may regulate the EMT process in TNBC in a TGF-p
dependent manner. Therefore, BM cells were treated with or with-
out anti-ICAM1, anti-integrin, or anti-TGF-f1 neutralizing antibod-
ies to compare the effects of these antibodies on cell migration and
EMT. The anti-ICAM1, anti-integrin, and anti-TGF-p1 neutralizing
antibodies significantly inhibited BM cell migration (Figure 7A,B).
Moreover, combined treatment with the anti-ICAM1 and anti-
TGF-p1 neutralizing antibodies further significantly enhanced this
inhibition (Figure 7A,B). These neutralizing antibodies significantly
decreased the levels of EMT markers, such as N-cadherin, SNAIL,
and ZEB1 (Figure 7C). Additionally, both anti-ICAM1 antibody and
anti-TGF-B1 antibody, as well as their combination, significantly de-
creased phospho-SMAD3 levels (Figure 7C).

4 | DISCUSSION

A previous study showed that ICAM1 was highly expressed in TNBC
samples compared with nTNBC and normal samples, suggesting that
ICAML1 is a therapeutic target for TNBC.}* Another recent study
showed that ICAM1 expression was higher in lung metastatic TNBC
cell lines than in the parental cell lines and that siRNA-mediated si-
lencing of ICAM1 inhibited TNBC lung metastasis.® In this study,
ICAM1 expression was significantly higher in highly bone metastatic
TNBC BM cells than in the parental cells, and shICAM1 reduced
bone metastasis in tumor-bearing mice. Mechanistically, ICAM1
promoted TNBC bone metastasis through integrin-mediated TGF-f/
EMT signaling.

The important cell membrane protein ICAM not only mediates in-
tercellular adhesion but also interacts with its ligands via either het-
erophilic or homophilic interactions, resulting in the transduction of
extracellular signals into a cell.'®2>2¢ A previous study showed that
the higher the expression of ICAM1 is, the worse the prognosis is,

especially in patients with ER-negative breast cancer.?” Neutrophils
promote TNBC cell migration through ICAM1 clustering-mediated
focal adhesion rearrangement and cytoskeletal rearrangement.'
In addition, Taftaf et al. showed that circulating tumor cells confer
higher tumor invasiveness by inducing homophilic ICAM1-ICAM1
interactions for tumor-endothelial adhesion to achieve endothelial
migration, ultimately leading to lung metastasis in breast cancer.?®
Disruption of these homophilic interactions inhibits TNBC cell mi-
gration. Our study is consistent with previous studies suggesting
that ICAM1 clustering-mediated homophilic interactions are critical
for the invasive and metastatic capacities of TNBC cells 1628

In addition, ICAM1 participates in heterophilic interactions with
its ligands LFA-1 (xL/p2 integrin) and MAC-1 (xM/f2 integrin), and
this interaction plays an important role in promoting the migration
of leukocytes and endothelial cells.”?? The affinity between ICAM1
with LFA-1 and Mac-1 is different, and the differential affinities may
regulate leukocyte adhesion and movement. 30-33 However, in
TNBC cells cultured in vitro, the expression of the integrin p2 sub-
unit is very low.3* Similarly, we found that the p2 integrin protein
level was very low in MDA-MB-231 cells cultured in vitro. However,
B2 integrin protein in bone metastases was unexpectedly increased.
Additionally, disruption of the heterophilic interaction between
ICAM1 and integrins with anti-aL, anti-aM, or anti-p2 integrin neu-
tralizing antibody inhibited cell migration. This study demonstrates
that heterophilic interactions between ICAM1 and its ligands play
an important role in the migration of TNBC cells. The different levels
of a6/B1 integrin lead to gene expression differences in cell cycle
and proliferation can determine whether they can initiate TGF-f
and integrin/FAK signaling.35 Additionally, integrin p1 activates FAK,
which phosphorylates TGFBR1, thereby enhancing the binding of
TGFBR1 to TGFBR2 and activating the TGF-/SMAD pathway in
breast cancer bone metastasis.>® According to the “seed and soil”
hypothesis, it is relatively difficult for most cancer cells to metasta-
size to other organs, and only a few cancer cells that acquire muta-
tions can metastasize via alterations in the expression of some genes
and can better adapt to a new environment to survive and eventu-

ally metastasize.®” Therefore, abnormal changes in the expression of
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FIGURE 4 shRNA-mediated ICAM1 gene silencing inhibited bone metastasis in mice. A, shICAM1 inhibited ICAM1 gene expression in
BM cells. B, Effects of shiICAM1 on the proliferation of BM cells. Representative images and quantification of migration (C) and invasion (D)
in shICAM1 cells and the parental BM TNBC cell line (N = 3). E, shiICAM1 inhibited bone metastasis in mice. Except for the cell density of
0.5% 10° cells/mouse for BM and shICAM1 BM cells, the rest of the procedure was conducted as described in Figure 3J (N = 3). shiICAM1
decreased bone metastasis, as detected by X-ray (F) and PET-CT (G) imaging, in tumor-bearing mice 4 weeks after tumor cell injection. The
X-ray images were finally processed with a color inversion algorithm. H, shiICAM1 reduced tumor cell growth in bone metastases in tumor-
bearing mice (N = 3). |, IHC analysis of ICAM1 expression in bone metastases formed from BM and shiCAM1 BM cells. *p <0.05, **p<0.01
vs. the shCtrl group. ICAM1, intercellular adhesion molecule 1; IHC, immunohistochemical; TNBC, triple-negative breast cancer

ICAM1 or its ligands may be an important factor in bone metastasis
of TNBC cells. This observation provides a new therapeutic target
for the treatment of TNBC bone metastases.
Epithelial-to-mesenchymal transition is associated with the
formation of cancer stem cells.®34% EMT is induced by paracrine
signaling factors to which cells are exposed, especially TGF—B.41 In
addition, various combinations of other signaling mediators, such as
WNT proteins, cytokines, growth factors, and extracellular matrix
(ECM)-integrin interactions, induce EMT.*? Ultimately, these signals
lead to the inducible expression and functional activation of various
regulators, especially EMT-related transcription factors (EMT-TFs),
during EMT.*® We found that ICAM1 was highly correlated with TFs
and markers of EMT in TNBC cells. Moreover, in mice bearing tu-
mors formed by TNBC cells with different levels of bone metastatic
activity, the degree of bone damage was not only highly correlated
with the expression of ICAM1 but also correlated with the expres-
sion of EMT-TFs and markers, such as N-cadherin, SNAIL, and ZEB.
Thus, we believe that ICAM1 promotes bone metastasis through
EMT signaling in TNBC. In addition, TGF-f signaling is a key pathway
in EMT.414445 | fact, TGF-p stimulates EMT in epithelial cells and
enhances their motility.*® Moreover, the interaction of TGF- with
integrins (aV/p6 or aV/B8) results in release of active TGF-, suggest-
ing that TGF-f activity is regulated by integrins.*”*8 Although the
mechanism by which ICAM1 interacts with integrins to affect TGF-p
signaling remains unknown, ICAM1 expression is highly positively
correlated with TGF-p1 expression and subsequently activates the
SMAD pathway, ultimately initiating the EMT program. In addition,
heterophilic interactions between ICAM1 and integrins regulate -
catenin and thus activate EMT.*’ Cell movement-related signaling
pathways, such as microtubule organization, actomyosin structure
organization, and endomembrane system organization pathways,
are regulated by ICAM1.1¢ Activation of these pathways related to
cell movement is critical for cancer cell migration through the EMT
program.®®>! Therefore, due to the important influence of ICAM1
on cell migration and movement through EMT, targeting ICAM1 is
important for controlling cancer metastasis. In fact, our results were
consistent with previous work suggesting that targeting ICAM1 and
inhibiting ICAM1 expression can inhibit breast cancer metastasis. '
Furthermore, cell cycle and apoptosis-related pathways were
regulated upon silencing of ICAM1. G1/S arrest and apoptotic inhi-
bition was found in BM cells compared with the parental cells. We
speculate that this seeming contradiction may be a compromise or
an adaptive adjustment made by the highly bone metastatic TNBC
cell line to undergo metastasis. To metastasize, BM cells use as

much energy as possible for metastasis-related signaling instead of
proliferation.>? This may also explain why the proliferation of the
three cell lines with different levels of bone metastatic activity did
not differ significantly although their ICAM1 expression level dif-
fered. In other words, the cell cycle arrest induced by ICAM1 may
be counteracted by the inhibition of apoptosis, ultimately reflected
in the lack of an apparent change in cell proliferation. However, a
previous study suggested that ICAM1 promoted cancer cell cluster
formation and silCAM1 inhibited cluster formation in a mammo-
sphere assay using poly (2-hydroxyethyl methacrylate) (poly-HEMA)
in PRIME-XV tumorsphere serum-free medium.'® Unfortunately, the
effects of ICAM1 on cell proliferation were not directly compared
in that study.’® Studies in this paper and other papers indicate that
ICAM1 barely promotes cell proliferation and that silencing ICAM1
expression does not noticeably affect cell proliferation.>® However,
these studies, including ours, are based on conventional 2D cell cul-
ture, not 3D culture conditions. These observations seem to suggest
that under 3D culture conditions, ICAM1 can promote the clustering
of cancer cells, which may affect cell proliferation. However, Taftaf
et al. did not directly compare the effects of ICAM1 on cell prolifer-
ation under 2D and 3D culture conditions, and these effects need to
be confirmed by further comparative studies. Additionally, previous
studies showed that the occurrence of EMT is accompanied not only
by cell cycle arrest but also by apoptosis induction.?>%* Although
the present study and most previous studies confirmed that EMT
is accompanied by cell cycle arrest, the fate of apoptosis differed,
possibly because of the differences in cancers or metastatic sites.
Herein, we show that ICAM1 affects TGF activity by mediating
interactions with its ligands and ultimately activating the TGF-f/
SMAD pathway. Combined with findings from previous studies,
our findings suggest that active TGF-f1 can be released by the
release of integrins (aV/p6 or aV/p8) from an inactive state.**8
However, the main ligands of ICAM1 are LFA-1 and MAC-1,
namely, aL/p2 and aM/B2 integrin, respectively.>® Although we
found that ICAM1 expression was highly positively correlated
with aV/B6é integrin expression and that the presence of neutral-
izing antibodies against aV or p6 integrins inhibited cell migration,
whether ICAM1 can directly bind to aV/p6 integrins and thereby
release active TGF-p1 remains unknown. Alternatively, the binding
of ICAM1 to LFA-1 and MAC-1 may affect the activity of aV/pé in-
tegrins. Confirmation of these phenomena requires further direct
evidence. Additionally, TGFBR3, a transmembrane receptor pro-
tein for TGF-p, undergoes ectodomain shedding, releasing soluble
TGFBR3, which binds and sequesters ligand to inhibit downstream
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FIGURE 5 ICAM1 regulated the expression of EMT-, cell cycle-, and apoptosis-related genes. A, Heatmap of the signaling pathways
significantly differentially regulated by silCAM1 in MDA-MB-231 cells, as determined using Reactome enrichment analysis. The candidate
genes used for Reactome enrichment analysis are shown in Table S4. B, Pearson correlation analysis of ICAM1 gene expression with the
expression of the indicated genes in GSE25055. Pos, positive; Neg, negative. C, mRNA levels in parental, BM, and shiICAM1 cells were
determined by RT-qPCR as described in Section 2 (N = 3). D, shICAM1 induced G1/S arrest in BM cells. The flow cytometry method is
described in Section 2 (N = 3). E, shiCAM1 induced apoptosis in BM cells. The flow cytometry method is described in Section 2 (N = 3). F,
Protein levels in Par, BM, and shICAM1 cells. Western blotting was carried out with a Mini-PROTEAN Tetra cell system or a Wes Automated
System as described in Section 2. The amount of total protein loaded was 10pug. *p <0.05 vs. the Par group. #p<0.05 vs. the BM group. EMT,
epithelial-to-mesenchymal transition; ICAM1, intercellular adhesion molecule 1
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FIGURE 6 ICAM1-mediated promotion of TNBC bone metastasis was associated with TGF-$1 and EMT. Representative images of IHC
staining of ICAM1 (A), integrin p2 (B), TGF-p1 (C), and N-cadherin (D) in bone metastases in TNBC tumor-bearing mice in the three groups. E,
Violin plot of the mean gray values in the bone metastases, as calculated with ImageJ (N = 3). *p<0.05, **p <0.01 vs. the Par group; *p<0.05,
#p <0.01 vs. the BM group. EMT, epithelial-to-mesenchymal transition; IHC, immunohistochemical; ICAM1, intercellular adhesion molecule
1; TNBC, triple-negative breast cancer
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FIGURE 7 ICAM1 promoted TNBC cell migration in an integrin-mediated TGF-B/EMT-dependent manner. A, Representative images

of BM cells treated with control IgG or anti-ICAM1, anti-integrin, or anti-TGF-p1 neutralizing antibodies (10 ug/ml). The wound-healing
migration assay protocol is described in Section 2 (N = 3). B, Quantitative analysis of the migration assay results in (A). *p<0.05 vs. the
control 1gG group. #p<0.05 vs. the anti-ICAM1 plus anti-TGF-B1 antibody group. &p<0.05 vs. the ICAM1 antibody group. C, Effects of
control IgG or anti-ICAM1, anti-integrin, or anti-TGF-B1 antibody (10 pg/ml) treatment on protein expression in BM cells. Western blotting
was performed with a Wes Automated System as described in Section 2. The amount of total protein loaded was 30 pug. ICAM1, intercellular

adhesion molecule 1; TNBC, triple-negative breast cancer

TGF-B/SMAD signaling, and ultimately reduces breast cancer cell
invasion and tumor-induced angiogenesis.’®™>® The significantly
reduced soluble TGFBR3 in TNBC is not sufficient to neutral-
ize TGF-B and ultimately activate the TGF-f pathway. Moreover,
TNBC cells release ICAM1 through exosomes or extracellular
vesicles, inducing not only tumor immune responses but also os-
teoclast differentiation and thereby creating a tumor microenvi-
ronment favorable for tumor cells.!®> Therefore, the role of this

secreted ICAM1 in breast cancer bone metastasis also needs fur-
ther investigation.

Therefore, the heterophilic interactions between ICAM1 and its
integrin ligands regulate integrin activity, which in turn affects the
activity of extracellular TGF-p and activates the TGF-p/SMAD path-
way. The activated TGF-$/SMAD pathway ultimately promotes EMT
by regulating the expression of EMT-related genes, such as CDHs,
SNAIL, ZEB, and MMPs. In contrast, ICAM1 regulates cell cycle- and
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FIGURE 8 ICAM1 promotes bone metastasis of TNBC cells by regulating EMT through interactions with integrins in a TGF-f-dependent
manner. ICAM1 promotes the EMT program, induces cell cycle progression, promotes apoptotic resistance through integrin-mediated
TGF-p/SMAD signaling, and finally results in bone metastasis in TNBC. EMT, epithelial-to-mesenchymal transition; ICAM1, intercellular

adhesion molecule 1; TNBC, triple-negative breast cancer

apoptosis-related genes by inhibiting the PI3K/AKT pathway and ul-
timately exerts antiapoptotic effects and cell cycle arrest. In addition,
ICAM1 may activate other pathways to promote metastasis through
homophilic interactions.® In summary, ICAM1 promotes the EMT
program, induces cell cycle progression, promotes apoptotic resis-
tance through integrin-mediated TGF-p/SMAD signaling, and finally
results in bone metastasis in TNBC (Figure 8). Therefore, the findings
of the present study provide a strong rationale for the application

of ICAM1-targeted therapy in breast cancer with bone metastasis.
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