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Abstract 

Triple-negative breast cancer (TNBC), the most aggressive subtype, presents a critical challenge due to the absence 
of approved targeted therapies. Hence, there is an urgent need to identify effective therapeutic targets for this condi-
tion. While epidermal growth factor receptor (EGFR) is prominently expressed in TNBC and recognized as a thera-
peutic target, anti-EGFR therapies have yet to gain approval for breast cancer treatment due to their associated side 
effects and limited efficacy. Here, we discovered that intercellular adhesion molecule-1 (ICAM-1) exhibits elevated 
expression levels in metastatic breast cancer and serves as a pivotal binding adaptor for EGFR activation, playing 
a crucial role in malignant progression. The activation of EGFR by tumor-expressed ICAM-1 initiates biased signaling 
within the JAK1/STAT3 pathway, consequently driving epithelial-to-mesenchymal transition and facilitating height-
ened metastasis without influencing tumor growth. Remarkably, ICAM-1-neutralizing antibody treatment significantly 
suppressed cancer metastasis in a breast cancer orthotopic xenograft mouse model. In conclusion, our identification 
of ICAM-1 as a novel tumor intrinsic regulator of EGFR activation offers valuable insights for the development of TNBC-
specific anti-EGFR therapies.
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Introduction
Breast cancer, the leading form of cancer among women 
worldwide, also remains the leading cause of death [1, 
2]. This high mortality rate is mainly due to metastatic 
spread to distant organs [3–5]. However, the factors driv-
ing metastasis, a major hallmark and cause of death in all 
cancer types, remain poorly understood [6]. Breast can-
cer can be categorized into several molecular subtypes: 
Luminal A and B, HER2 + , and triple-negative breast 
cancer (TNBC). TNBC is characterized by the absence 
of estrogen, progesterone, and human epidermal growth 
factor receptor 2 (HER2) receptors. This molecular sub-
type overlaps with basal-like breast cancer (BLBC), a sub-
group that expresses cytokines and other non-luminal 
(basal) genes [7]. Most basal-like breast cancers (BLBCs) 
are triple-negative. However, approximately 5% of estro-
gen receptor-positive tumors and between 6 and 35% of 
HER2-positive tumors exhibit a basal-like gene expres-
sion profile [8, 9]. Patients diagnosed with TNBC endure 
a more aggressive and profoundly metastatic manifesta-
tion of this disease and have a worst prognosis than those 
with other breast cancer subtypes [10, 11].

Traditional chemotherapeutic agents, such as taxanes, 
anthracyclines, and platinum-based drugs, remain the 
cornerstone of first-line treatment for TNBC patients. 
Although responses to treatment are common, TNBC 
often relapses quickly, and resistance to chemotherapy 
eventually develops [12, 13]. Recent advances in molecu-
lar biology and immunology have paved the way for the 
development of highly targeted therapies for breast can-
cer. The primary goal of targeted therapy is to inhibit 
specific molecules that promote tumor progression. Key 
targets include AKT, cyclin-dependent kinases, poly 
(ADP-ribose) polymerase (PARP), and various growth 
factors, which have shown potential for treating spe-
cific breast cancer subtypes [14–16]. However, targeted 
drugs have not yet shown significant therapeutic promise 
against triple-negative breast cancer (TNBC). Currently, 
the only approved targeted drug for later-line treat-
ment of metastatic TNBC is sacituzumab govitecan, an 
antibody–drug conjugate that targets Trop-2, which has 
demonstrated improved survival in a recent phase III 
trial [17].

Immunotherapy has also emerged as a promising treat-
ment approach specifically for TNBC patients. Vari-
ous immunotherapeutic modalities, including immune 
checkpoint blockade, vaccination, and adoptive cell 
transfer, have been extensively studied in clinical set-
tings, particularly for TNBC [14, 18]. Immunotherapy 
combined with chemotherapy is available for patients 
with advanced TNBC that express PD-L1, showing a sig-
nificant overall survival benefit in patients with TNBC 
[19–21]. However, the impact of checkpoint inhibitors 

(anti-PD1/PD-L1 antibodies) on the overall survival 
of TNBC patients is modest suggesting that additional 
treatment options are still needed for TNBC.

Abnormal activation or mutation of epidermal growth 
factor receptor (EGFR) is frequently reported in various 
types of cancers [22–24]. EGFR is highly expressed in 
TNBC and correlates with poor survival [25–27]. Accord-
ingly, EGFR has been proposed as a biomarker and 
therapeutic target in TNBC [28]. However, anti-EGFR 
therapies, including monoclonal antibodies (mAbs) 
and tyrosine kinase inhibitors (TKIs), have not been 
approved for breast cancer treatment [29, 30]. This lack 
of success is likely because of EGFR expression in normal 
breast epithelial cells, which results in low response rates 
and high toxicities of anti-EGFR therapies in therapeutic 
applications. Therefore, development of novel strategies 
to target cancer-specific EGFR is imperative.

Intercellular adhesion molecule-1 (ICAM-1), a 
transmembrane glycoprotein receptor, belongs to the 
immunoglobulin superfamily and consists of a small 
intracellular domain and IgG-like extracellular domains 
[31–33]. ICAM-1 has been extensively studied for its 
role in the adhesion of macrophages and leukocytes 
to endothelial cells during their transmigration [34]. 
ICAM-1 has been implicated in promoting cancer in 
many cancer types such as leukemia, liver, pancreatic 
cancers [35–37]. In addition, ICAM-1 contributes to 
tumor removal through activating T cells through its 
roles in cell adhesion and co-stimulatory functions [38, 
39]. Lymphocyte function-associated antigen-1 (LFA-1), 
expressed on T cells, acts as a receptor for ICAM-1 and 
is essential for this function through its interaction with 
ICAM-1 on antigen-presenting cells [38–40]. However, 
the tumor intrinsic role of ICAM-1 in cancer progression 
remains unclear.

Here, our comprehensive analysis unveiled a specific 
ICAM1 upregulation in TNBC, strongly associated with 
breast cancer metastasis. Consequently, we embarked on 
investigating the intricate molecular mechanisms gov-
erning the tumor-intrinsic interactions between ICAM-1 
and EGFR, as well as their activation pathways in the 
context of breast cancer metastasis. Furthermore, we 
evaluated the therapeutic viability of targeting ICAM-1 
as a potential treatment strategy for TNBC.

Results
ICAM‑1 as a potential candidate for targeted metastatic 
breast cancer therapy
Despite the high incidence of breast cancer, metastatic 
breast cancer-specific treatment protocols have not been 
developed [3, 6, 41]. To investigate potential candidates 
for metastatic cancer-targeted therapy, we accessed pre-
viously published microarray datasets of patients with 
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breast cancer (from the GEO database). We used gene 
ontology (GO) to identify cell surface molecules. We 
then selected targets with increased expression in breast 
cancer tissues relative to normal breast and with higher 
specific expression in TNBC relative to other breast can-
cer types (Fig.  1A, Supplementary Fig.  1A, Supplemen-
tary Table 1). Significantly, ICAM-1 and LY6D emerged 
as potential target genes notably upregulated in four dif-
ferent TNBC datasets. Building upon our prior investiga-
tion into the functional significance of soluble ICAM-1 
(sICAM-1) within the glioblastoma tumor microenviron-
ment, as well as our exploration of protein stability regu-
lation in breast cancer, we directed our attention towards 
unraveling the clinical significance and underlying mech-
anisms of ICAM-1 in metastatic breast cancer.

Next, we analyzed ICAM-1 expression in two inde-
pendent datasets from the TCGA breast cancer and 
GOBO databases and confirmed that ICAM-1 expres-
sion was substantially increased in TNBC relative to 
other breast cancer types and normal breast tissue (Sup-
plementary Fig.  1B-C). Similarly, ICAM-1 was highly 
expressed in TNBC cell lines (Supplementary Fig. 1D-E). 
Through GSEA, we discovered a positive correlation 
between elevated ICAM-1 expression and the down-
regulation of gene sets within luminal-type breast cancer 
cells among patients with breast cancer (Supplementary 
Fig.  1F). However, no significant upregulation of other 
cell adhesion molecules was observed in TNBC (Supple-
mentary Fig. 1G). To substantiate the clinical significance 
of ICAM-1 expression in TNBC, we examined breast 
cancer tissue microarrays (Fig.  1B-C). ICAM-1 was 
more highly expressed in breast cancer tissues than in 
normal tissues and was most highly expressed in lymph 
node metastases (Fig. 1C). In agreement with the tissue 
microarray results, patients with breast cancer with high 
ICAM-1 levels (GSE25066) showed an elevated lymph 
node stage (Fig. 1D). Patients with later stages of breast 
cancer had higher ICAM-1 expression levels (Fig.  1E). 
Furthermore, high ICAM-1 expression levels were sig-
nificantly associated with poor overall survival in breast 
cancer patients (p = 0.0320; Fig. 1F). These findings sug-
gest that ICAM-1 represents a promising therapeutic tar-
get in the context of TNBC and metastatic breast cancer.

ICAM‑1‑mediated epithelial‑to‑mesenchymal transition 
(EMT) promotes metastasis of breast cancer cells
The metastatic capacity of cancer cells has often been 
attributed to the phenomenon of EMT [42, 43]. We 
found that the EMT signature gene set was upregulated 
in patients with breast cancer with high ICAM-1 expres-
sion levels (Fig.  1G). Consistently, shRNA-mediated 
knockdown of ICAM-1 decreased the migration and 
invasion of MDA-MB-231 and BT20 cell lines (Fig.  1H, 

Supplementary Fig. 2A-B). Additionally, we observed that 
ICAM-1 knockdown led to a decrease in EMT markers 
and regulators in TNBC MDA-MB-231 cells (Fig. 1I-J).

In contrast, ICAM-1 overexpression enhanced the 
migration and invasion capacity and expression of EMT 
markers and regulators in HER2 + breast cancer subtype 
SK-BR3 cells (Fig. 1K-M). Next, we evaluated the role of 
ICAM-1 in  vivo by orthotopically injecting LM1 cells, 
which is a lung metastatic MDA-MB-231 breast cancer 
cell line derived from lung lesions after colonization, with 
control shRNA or ICAM-1 shRNA (sh-ICAM-1) into 
mammary glands of NSG mice and analyzing the primary 
tumors and metastatic lung foci (Fig. 1N, Supplementary 
Fig.  2C-D). Tumor metastasis to lung tissue and EMT 
marker expression in primary tumors decreased in LM1 
sh-ICAM-1 tumor-bearing mice (Fig.  1O-R); however, 
no effect on tumor growth was observed (Supplementary 
Fig.  2E-H). Overall, our findings strongly indicate that 
the ICAM-1-mediated EMT facilitates the metastasis of 
breast cancer cells.

ICAM‑1 directly interacts with EGFR and promotes its 
activation in breast cancer
To understand how ICAM-1 contributes to breast can-
cer metastasis, we isolated and studied proteins that 
interact with ICAM-1. We analyzed mass spectrom-
etry (MS) data from ICAM-1 IPs in MDA-MB-231 cells 
using bioinformatics tools which led us to identify EGFR 
as a likely interactor of ICAM-1 (Fig.  2A, Supplemen-
tary Fig.  3A-B). The interactions between ICAM-1 and 
EGFR were confirmed in TNBC cells using co-IP, GST 
pull-down assay, and in  situ PLA (Fig.  2B-D). Immuno-
cytochemistry (ICC) for ICAM-1 and EGFR revealed 
that these proteins were colocalized in the cell mem-
brane (Fig. 2E-F). Given the critical correlation between 
EGFR activation and metastasis in various cancers, [24, 
44, 45], we hypothesized that ICAM-1 promotes cancer 
progression by modulating EGFR activity. In TNBC cells, 
the use of siRNA or CRISPR to either knock down or 
knock out ICAM-1 resulted in the suppression of EGFR 
dimerization and phosphorylation at Y1068, as well as 
decreased phosphorylation of JAK1 and STAT3, which 
are downstream targets of EGFR activation, without 
changing total protein levels of EGFR (Fig.  2G-J, Sup-
plementary Fig. 3C-D). In contrast, ICAM-1 overexpres-
sion enhanced EGFR activity, as indicated by increased 
phosphorylation of EGFR, JAK1, and STAT3 and EGFR 
dimerization (Supplementary Fig.  3E-H). Compara-
ble outcomes were observed in mice bearing LM1 sh-
ICAM-1 tumors. (Fig.  2K-L). Taken together, our data 
suggest that the direct interaction between ICAM-1 and 
EGFR increases EGFR activity and downstream signaling 
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Fig. 1  Upregulation of ICAM-1 Correlates with Poor Prognosis and Metastasis of Breast Cancer. A Expression of cell surface molecules 
and comparison of breast cancer tissue versus normal tissue and basal-type breast cancer patients versus other subtype breast cancer patients 
(GSE65194, GSE45827, GSE22358). Fold change > 1.5 (B) IHC of ICAM-1 in human breast cancer tissue array (BR1008). C IHC scoring of human breast 
cancer tissue array using IHC profiler. Scale bar = 200 μm. D Lymph node stage analysis using GEO dataset (GSE25066); ICAM-1High vs. ICAM-1Low. 
E ICAM-1 expression levels in three different grades of breast cancer patients (GSE22358). F Kaplan–Meier survival analysis of breast cancer patients 
(GSE25066, GSE1456); ICAM-1High vs. ICAM-1Low. G GSEA of hallmark epithelial-mesenchymal transition signature in human breast cancer patients 
(GSE25066); ICAM-1High vs. ICAM-1Low. NES, normalized enrichment score; Nom p-val, normalized p-value; FDR q-val, false discovery rate q-value. 
H Transwell migration and invasion assay of MDA-MB-231 cells transduced with ICAM-1 shRNA. I Western blots of EMT markers and regulators 
in MDA-MB-231 cells transduced with ICAM-1 shRNA. J ICC of vimentin (Vim) and fibronectin (FN) in MDA-MB-231 cells transduced with ICAM-1 
shRNA. Scale bar = 20 μm. K Transwell migration and invasion assay of SK-BR3 transfected with ICAM-1 or control empty vector. L Western blots 
of EMT markers and regulators in SK-BR3 transfected with ICAM-1 or control empty vector. M ICC of vimentin (Vim) and fibronectin (FN) in SK-BR3 
transfected with ICAM-1 or control empty vector. Scale bar = 20 μm. N Schematic illustration of animal experiments. O, P H&E staining (O) 
and the number of metastatic nodules (P) of lung in LM-1sh−cont or LM-1sh−ICAM−1 orthotopic xenograft mice. Scale bar = 200 μm. Q, R Western blots 
(Q) and IHC (R) of EMT markers, regulators, and ICAM-1 in LM-1sh−cont or LM-1.sh−ICAM−1 orthotopic xenograft tumors. Scale bar = 100 μm. Data are 
presented as mean ± SD and analyzed using one way ANOVA or Student’s t-tests. n.s, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001
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pathways, which likely promotes metastasis of breast 
cancer cells in vitro and in vivo.

ICAM‑1 expression correlates with EGFR expression 
and poor prognosis of breast cancer
To explore the clinical significance of targeting ICAM-1 
as a therapeutic approach in combating metastatic breast 

cancer, we investigated the correlation between ICAM-1 
and EGFR activation in patients with breast cancer. We 
conducted a tissue array analysis of patients with breast 
cancer, presenting representative IHC results (Fig.  3A). 
Results indicated a positive correlation between ICAM-1 
expression and phospho EGFR (Fig.  3B, χ2 = 21.71, 
p < 0.0001). Considering the induction of ICAM-1 

Fig. 2  ICAM-1 directly interacts with EGFR and promotes its activation in breast cancer. A Analysis of identified ICAM-1 interactors using Cytoscape. 
ICAM-1 interactors were detected using MS and cell surface molecules were selected. B Co-IP with ICAM-1 or EGFR antibody and western 
blot to evaluate the interaction between ICAM-1 and EGFR in basal-type breast cancer cell lines. C GST pull-down assay in MDA-MB-231 cells. 
D Representative images and quantification of in situ PLA showing the interaction between ICAM-1 and EGFR in MDA-MB-231 cells. Scale 
bar = 20 μm. E ICC of ICAM-1 and EGFR in MDA-MB-231 cells. Scale bar = 20 μm. F ICC of HA tag and His-tag in HEK293T cells transfected 
with either ICAM-1-HA or EGFR-His, or co-transfected with both. Scale bar = 20 μm. G Dimerization of EGFR in MDA-MB-231 cells transfected 
with siRNA targeting ICAM-1 or control siRNA. H Co-IP with EGFR antibody and western blotting to evaluate the total phospho tyrosine 
in MDA-MB-231 cells transfected with siRNA targeting ICAM-1 or control siRNA. I, J Western blots (I) and phospho EGFR ELISA (J) of MDA-MB-231 
cells transfected with sgRNA targeting ICAM-1 or control as indicated. K, L Western blots (K) and IHC (L) of phospho EGFR, phospho JAK1, 
and phospho STAT3 in LM-1sh−cont or LM-1.sh−ICAM−1 orthotopic xenograft tumors. Scale bar = 100 μm. Data are presented as mean ± SD 
and analyzed using one-way ANOVA. n.s, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001
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expression by the EGFR/STAT3 axis, we conducted 
an analysis of ICAM-1, EGFR, and STAT3 expression 
using patient datasets retrieved from the GEO database. 
Surprisingly, ICAM-1 expression was positively cor-
related with EGFR and STAT3 expressions (Fig.  3C-D). 
The GSEA also revealed that patients with breast cancer 
with high ICAM-1 levels had higher expression of genes 
related to EGFR activity and STAT3 targets (Fig.  3E-F). 
Furthermore, we examined the lymph node stages and 
survival rates in response to ICAM-1 and EGFR status 
and found that patients with breast cancer with high 
ICAM-1 and EGFR expression represented those with 
the highest proportion of advanced lymph node stage and 
shortest survival rates (Fig.  3G-H). In contrast, patients 
with low ICAM-1 and EGFR levels had the longest sur-
vival. Moreover, in the subset of patients with triple-
negative breast cancer (TNBC), the combination of high 
ICAM-1 and high EGFR expression levels approached 
statistical significance in predicting poor outcomes 

(p = 0.0538; Supplementary Fig.  3I). However, the spe-
cific phenotype of ICAM-1 and EGFR may be specific to 
breast cancer, as high ICAM1 and/or EGFR expression 
is not correlated with poor clinical outcomes in other 
cancer types such as lung cancer and melanoma (Supple-
mentary Fig. 3  J-K). Collectively, our findings indicate a 
positive correlation between ICAM-1 and EGFR expres-
sion levels, which are closely associated with poor prog-
nosis in patients with breast cancer.

ICAM‑1 increases ligand‑binding affinity for EGFR 
and promotes metastasis of breast cancer
Our demonstration of the connection between ICAM-1 
expression and EGFR activation in both in  vitro and 
in  vivo settings, along with its impact on clinical out-
comes in patients with breast cancer, highlights its clini-
cal significance. Therefore, we explored the underlying 
molecular mechanisms by which ICAM-1’s direct inter-
action with EGFR influences specific cellular processes, 

Fig. 3  High levels of ICAM-1 expression correlate with EGFR expression and poor prognosis in patients with breast cancer. A IHC of ICAM-1 
and p-EGFR in human breast cancer tissue array (BR2082b). Scale bar = 200 μm. B Contingency table for statistical analysis of IHC showing 
the relationship between ICAM-1 and p-EGFR in human breast cancer tissue array using IHC profiler. C Pearson correlation analysis of ICAM-1 
and EGFR in patient cohorts from GEO dataset (GSE25066) and TCGA. D Pearson correlation analysis of ICAM-1 and STAT3 in patient cohorts 
from GEO dataset (GSE25066) and TCGA. E GSEA plots for a significant correlation between high expression of ICAM-1 and EGFR signaling 
(GSE25066, GSE20711). F GSEA plots for a significant correlation between high expression of ICAM-1 and STAT3 signaling (GSE25066). G Lymph 
node stage analysis using GEO dataset (GSE25066); ICAM-1High EGFRHigh vs. ICAM-1High EGFRLow vs. ICAM-1Low EGFRHigh vs. ICAM-1Low EGFRLow. 
H Kaplan–Meier survival analysis of patients with breast cancer (GSE25066, GSE20711); ICAM-1High EGFRHigh vs. ICAM-1High EGFRLow vs. ICAM-1Low 
EGFRHigh vs. ICAM-1Low EGFR.Low. Data are presented as mean ± SD and analyzed using one-way ANOVA. n.s, non-significant; *, p < 0.05; **, p < 0.01; 
***, p < 0.001
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including EMT, ultimately facilitating breast cancer 
metastasis. Beyond having the classical function of sta-
bilizing cell–cell interaction, ICAM-1 can also be shed 
from the cell surface via proteolytic cleavage [46, 47]. 
Notably, sICAM-1 acts as an endocrine and paracrine 
factor [48, 49]. To examine whether the soluble and 
membrane-bound forms of ICAM-1 regulate EGFR 
activity differentially, we transfected ICAM-1-knock-
out MDA-MB-231 cells with ICAM-1WT, sICAM-1, or 
mutant ICAM-1P404E, in which 404 proline (an MMP9-
mediated cleavage site) was substituted with glutamic 
acid (P404E) (Supplementary Fig. 4A). Significantly, both 
membrane-bound and soluble forms of ICAM-1 ampli-
fied EGFR phosphorylation, migration, and invasion in 
breast cancer cells (Supplementary Fig.  4B-D). In addi-
tion, treatment with recombinant human (rh)-sICAM-1 
augmented EGFR phosphorylation (Supplementary 
Fig.  4E-F). Given the lack of documented kinase activ-
ity associated with ICAM-1, we postulated that ICAM-1 
acts as an EGFR ligand. After starvation of breast can-
cer cells, ICAM-1 had no effect on EGFR activation 
(Fig.  4A-B, Supplementary Fig.  5A). Nevertheless, both 
ICAM-1 overexpression and EGF treatment elicited 
EGFR phosphorylation (Fig.  4A-B). Similar results were 
observed upon treatment of cells with rh-sICAM-1 and 
EGF (Fig.  4C-D, Supplementary Fig.  5B-C). Hence, we 
examined the ligand-binding affinity of EGFR towards 
ICAM-1. By employing CRISPR to knock out ICAM-1 
in MDA-MB-231 cells, reduced binding affinity between 
EGFR and EGF was observed (Fig.  4E). Conversely, 
ICAM-1 overexpression augmented EGF and EGFR 
binding (Supplementary Fig.  5D). Therefore, we inves-
tigated dose- and time-dependent EGFR activation fol-
lowing treatment with EGF or TGF-α. ICAM-1 knockout 
resulted in a dose- and time-dependent suppression of 
EGFR phosphorylation following treatment with EGF or 
TGF-α (Fig.  4F-I). Furthermore, we found that knock-
out of ICAM-1 decreased EGF and TGF-a -induced cell 
migration and invasion and EMT-associated marker 
expression, which suggests that ICAM-1 inhibition may 
play a role in attenuating metastatic potential of breast 
cancer cells through decreasing EGFR activation (Fig. 4J-
M, Supplementary Fig. 5E-H).

EGFR reportedly promotes cancer progression, includ-
ing cell growth and metastasis [24, 27, 44, 45]. In con-
trast to that of EGFR, suppression of ICAM-1 did not 
affect cell growth (Supplementary Fig.  6A-B and Sup-
plementary Fig.  2A). Therefore, we confirmed that the 
phosphorylation of EGFR downstream signaling kinases 
were decreased following ICAM-1 knockout and found 
that the interaction of EGFR with EMT-related kinases, 
including JAK1, STAT3, and Src, was significantly sup-
pressed in ICAM-1 knockout cells (Supplementary 

Fig.  6C-D). Similar outcomes were observed in the 
mouse xenograft model (Supplementary Fig.  6E). Previ-
ous research has detailed biased EGFR signaling, showing 
that its sustained activation promotes cell differentiation 
rather than proliferation [50–53]. Our results demon-
strated the prolonged activation of EGFR by ICAM-1 
(Fig. 4H-I), suggesting that ICAM-1 regulates the biased 
EGFR signaling in breast cancer, enhancing cell migra-
tion and invasion without promoting the growth of can-
cer cells.

ICAM‑1 is induced via regulation of EGFR/STAT3 positive 
feedback loop
Our current data suggests that ICAM-1 plays a pivotal 
role in EGFR activation, with evidence showing ICAM-1 
protein levels increase over time with EGFR ligand treat-
ment (Fig. 4H-I). Next, we examined ICAM-1 expression 
levels after treatment with AG1478 (an EGFR inhibi-
tor) or transfection with EGFR siRNA (si-EGFR) and 
found that ICAM-1 expression decreased in response 
to EGFR suppression (Supplementary Fig.  7A-D). In 
contrast, EGFR overexpression augmented ICAM-1 
expression (Supplementary Fig.  7E-F). Previous studies 
have demonstrated STAT3’s role in promoting ICAM-1 
expression [54–56], and also STAT3 is recognized as a 
key downstream regulator of EGFR [57]. Therefore, we 
investigated whether STAT3 could regulate ICAM-1 
expression in breast cancer cells. Blocking STAT3 using 
a STAT3 inhibitor or si-STAT3 transfection attenuated 
ICAM-1 expression (Supplementary Fig.  7G-J). This 
blockade also reduced EGF-induced migration, inva-
sion, and EMT of breast cancer cells (Supplementary 
Fig. 7 K-L). Consistent with what we have shown previ-
ously, ICAM1 knockout reduced STAT3 phosphorylation 
and nuclear translocation, demonstrating a reduction in 
STAT3 activity (Supplementary Fig.  7  M-N). To further 
identify whether ICAM-1 expression is directly regulated 
by STAT3, we predicted STAT3-binding sites within the 
ICAM-1 promoter using the JASPAR online tool (http://​
jaspar.​gener​eg.​net) and investigated each site using a 
chromatin immunoprecipitation (ChIP) assay (Supple-
mentary Fig.  7O). STAT3 chromatin immunoprecipita-
tion indicated that STAT3 directly binds to the F2, 3, and 
4 fragments of the ICAM-1 promoter, and its binding 
was suppressed by transfection with si-ICAM-1 (Sup-
plementary Fig. 7P). Overall, these findings suggest that 
ICAM-1 expression is induced through positive feedback 
regulation involving ICAM-1, EGFR, and STAT3.

The ICAM‑1 D1 domain is necessary for EGFR activation 
and its downstream signaling
Next, we investigated the interactions between ICAM-1 
and EGFR using protein–protein docking simulations. 

http://jaspar.genereg.net
http://jaspar.genereg.net
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Fig. 4  ICAM-1 increases ligand-binding affinity for EGFR and promotes metastasis of breast cancer. A, B Western blots (A), and phospho EGFR 
ELISA (B) of MDA-MB-231 sg-cont and MDA-MB-231 sg-ICAM-1 cells transfected with either ICAM-1 or control empty vector. Cells were starved 
overnight and treated with EGF or PBS. C, D Western blots (C), and phospho EGFR ELISA (D) of MDA-MB-231 sg-ICAM-1 cells. Cells were starved 
overnight and treated with either rh-sICAM-1 or EGF, or co-treated. E Co-IP with EGFR antibody and western blotting to evaluate the interaction 
between EGF and EGFR in MDA-MB-231 sg-cont and MDA-MB-231 sg-ICAM-1 cells. rh-EGF was added in cell lysates. F, G Western blots of EGFR 
phosphorylation in MDA-MB-231 sg-cont and MDA-MB-231 sg-ICAM-1 cells. Cells were starved overnight and treated with increasing doses of EGF 
(F) or TGF-α (G). H, I Western blots of EGFR phosphorylation in MDA-MB-231 sg-cont and MDA-MB-231 sg-ICAM-1 cells. Cells were starved overnight 
and treated with EGF (H) or TGF-α (I) for various time intervalsin a time-dependent manner. J, K Migration and invasion by MDA-MB-231 sg-cont 
and MDA-MB-231 sg-ICAM-1 cells. Cells were starved overnight and treated with EGF (J) or TGF-α (K) for 24 h. L, M Western blots of EMT markers 
and regulators in MDA-MB-231 sg-cont and MDA-MB-231 sg-ICAM-1 cells. Cells were starved overnight and treated with EGF (L) or TGF-α (M) 
for 24 h. Data are presented as mean ± SD and analyzed using one-way ANOVA or Student’s t-tests. n.s, non-significant; *, p < 0.05; **, p < 0.01; ***, 
p < 0.001
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Interestingly, the anticipated protein structure suggests 
potential interaction between the D1 and D2 domains of 
ICAM-1 and the D3 domain of EGFR (Fig. 5A). Accord-
ingly, we generated a series of deletion constructs for 
ICAM-1, in which each domain was removed, and a HA 
tag was fused at the C-terminus (Fig.  5B). The expres-
sion constructs encoding ICAM-1ΔECD or ICAM-1ΔICD, 
in which the extracellular domain (ECD) or intracellular 
domain (ICD) were deleted, were co-transfected with the 
EGFR vector in HEK293T cells. Co-IP results revealed 
that the interactions between EGFR and ICAM1 were 
retarded only when ECD was deleted (Fig.  5C). EGFR 
phosphorylation was also not enhanced by overexpres-
sion of the ICAM-1ΔECD construct (Fig. 5D). Five IgG-like 
ECD deletion mutants of ICAM-1 were co-transfected 
with the EGFR vector in HEK293T cells, and co-IP and 
in  situ PLA were performed. Almost all ICAM-1 dele-
tion mutants, except ΔD1, were able to bind to EGFR 
(Fig.  5E-F). Moreover, EGFR phosphorylation, migra-
tion, and invasion were not rescued by the expression 
of the ICAM-1ΔD1 construct in ICAM-1 knockout cells 
(Fig.  5G-J). Subsequently, we generated a set of con-
structs encoding EGFR deletion mutants and investi-
gated their interactions with ICAM-1 (Supplementary 
Fig.  8A). The D3 domain deletion construct of EGFR 
demonstrated reduced binding affinity for ICAM-1 (Sup-
plementary Fig.  8B-D). Here, our investigation into the 
interaction between ICAM-1 and EGFR through pro-
tein–protein docking simulations and deletion construct 
experiments reveals a potential binding mechanism 
involving the D1 domain of ICAM-1 with the D3 domain 
of EGFR.

To validate our findings in vivo, we assessed breast can-
cer cell metastasis using an orthotopic xenograft mouse 
model (Fig.  5K). Tumor metastasis to lung tissue and 
EMT of primary tumors decreased in the mouse group 
injected with ICAM-1 knock out MDA-MB-231 com-
pared with that in the control. Similar to the in  vitro 
results, ICAM-1WT overexpression in ICAM-1 knock-
out cells rescued breast cancer cell lung metastasis but 
ICAM-1ΔD1 expression had no effect (Fig. 5L-M). Similar 
to our previous xenograft experiment, primary tumor 
growth was unaffected by the deletion or expression of 
the ICAM-1 constructs (Supplementary Fig.  8E-F). In 
brief, these data indicated that the D1 domain of ICAM-1 
is required for EGFR-mediated metastasis of breast can-
cer cells.

Blockade of ICAM‑1 using a neutralizing antibody 
suppresses breast cancer metastasis
To assess the therapeutic potential of blocking ICAM-1 in 
breast cancer metastasis, we treated MDA-MB-231 cells 
with a neutralizing antibody against ICAM-1 and this 

treatment notably suppressed EGFR activity, indicated by 
decreased EGFR and STAT3 phosphorylation, in a dose-
dependent manner (Fig. 6A-B). Blockade of ICAM-1 by 
a neutralizing antibody effectively suppressed cancer cell 
migration, invasion, and EMT marker levels (Fig. 6C-D). 
The interactions among ICAM-1, EGFR, and EGF also 
decreased following antibody treatment (Fig. 6E-F).

To explore the therapeutic potential of targeting 
ICAM-1, we injected LM-1 cells orthotopically into the 
mammary fat pads of NSG mice and then treated these 
animals with an ICAM-1 neutralizing antibody intro-
duced intratumorally two weeks after the initial treat-
ment (Fig.  6G). Importantly, lung metastasis of breast 
cancer cells decreased in the mice treated with ICAM-1 
neutralizing antibody (Fig.  6H-I). Aligned with the 
in vitro findings, inhibiting ICAM-1 demonstrated a sup-
pression of EGFR phosphorylation, EMT marker expres-
sion, and the interaction between ICAM-1 and EGFR 
within primary tumor tissues, suggesting that ICAM-
1-targeted therapy significantly inhibited EGFR activity 
and breast cancer cell metastasis in a mouse xenograft 
model (Fig. 6J-M). Overall, our findings here reveal that 
ICAM-1 is overexpressed in metastatic breast cancer, 
acting as a crucial mediator of EGFR activation and driv-
ing malignant progression through the JAK1/STAT3 
signaling pathway, ultimately promoting metastasis with-
out affecting tumor growth. Our data positions ICAM-1 
as a promising target for developing TNBC-specific anti-
EGFR therapies, offering valuable insights into thera-
peutic strategies for combating metastatic breast cancer 
(Fig. 6N).

Discussion
Numerous targeted drugs are currently in clinical trials, 
and some have already received FDA approval for use as 
monotherapies or in combination with other treatments 
for different subtypes of breast cancer. Also, the FDA has 
approved some immune checkpoint blockers in combi-
nation with chemotherapeutic drugs for the treatment 
of TNBC, and several trials are ongoing [16, 18]. How-
ever, we identified the cell surface protein ICAM-1 as a 
potential candidate for targeted metastatic breast can-
cer therapy. Our research uncovered ICAM-1’s critical 
role in promoting the metastatic potential of TNBC cells 
through prolonged activation of EGFR. Specifically, we 
found that metastatic breast cancer cells exhibit elevated 
ICAM-1 expression. ICAM-1 directly interacts with 
EGFR, activating the EGFR-mediated STAT3 pathway 
and inducing epithelial-mesenchymal transition (EMT). 
Importantly, blocking ICAM-1 significantly reduced 
metastasis by inhibiting the EGFR/JAK1/STAT3 signal-
ing pathway. These findings highlight ICAM-1’s potential 
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Fig. 5  The ICAM-1 D1 domain is necessary for EGFR activation and its downstream signaling. A Protein–protein docking simulation to evaluate 
the interaction domain between ICAM-1 and EGFR. B Schematic diagram of expression constructs encoding ICAM-1WT, ICAM-1ΔECD, ICAM-1ΔICD, 
ICAM-1ΔD1, ICAM-1ΔD2, ICAM-1ΔD3, ICAM-1ΔD4, and ICAM-1ΔD5. C Co-IP with HA antibody and western blot to evaluate the interaction domain 
between ICAM-1 and EGFR in HEK293T cells co-transfected with EGFR and ICAM-1WT, ICAM-1ΔECD, or ICAM-1ΔICD vector. D Western blots of EGFR 
phosphorylation in MDA-MB-231 sg-ICAM-1 cells transfected with ICAM-1WT, or ICAM-1ΔECD, or ICAM-1ΔICD, or control empty vector. E, F Co-IP (E) 
and in situ PLA (F) to evaluate the interaction domain between ICAM-1 and EGFR in HEK293T cells co-transfected with EGFR and either ICAM-1WT, 
ICAM-1ΔD1, ICAM-1ΔD2, ICAM-1ΔD3, ICAM-1ΔD4, or ICAM-1ΔD5. Scale bar = 20 μm. G Western blots of EGFR phosphorylation in MDA-MB-231 sg-ICAM-1 
cells transfected with either control empty vector or ICAM-1WT, ICAM-1ΔD1, ICAM-1ΔD2, ICAM-1ΔD3, ICAM-1ΔD4, or ICAM-1ΔD5. H-J Western blotting 
(H), phospho EGFR ELISA (i), migration and invasion assay (J) in MDA-MB-231 sg-ICAM-1 cells transfected with either control empty vector, 
ICAM-1WT, or ICAM-1ΔD1. K Schematic illustration of animal experiments. L, M H&E staining (L) and the number of metastatic nodules (M) of lung 
in MDA-MB-231 sg-cont or MDA-MB-231 sg-ICAM-1 transfected with control empty vector, ICAM-1WT, or ICAM-1.ΔD1 orthotopic xenograft mice. 
Scale bar = 200 μm. Data are presented as mean ± SD and analyzed using one-way ANOVA. n.s, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001
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as both a prognostic marker and a therapeutic target in 
TNBC.

ICAM-1 has been reported as a key molecule in the 
adhesion of immune cells to endothelial cells [34]. 
Recently, studies have indicated a correlation between 

elevated ICAM-1 expression and inflammatory disor-
ders, including multiple sclerosis [48, 58, 59]. While 
ICAM-1 upregulation has been noted in several can-
cer types including pancreatic cancer, hepatocellular 
carcinoma, and breast cancer, the precise mechanism 

Fig. 6  Blockade of ICAM-1 using a neutralizing antibody can suppress breast cancer metastasis. A, B Western blotting (A) and phospho EGFR ELISA 
(B) of MDA-MB-231 cells treated with various doses of ICAM-1 neutralizing antibody for 24 h. C, D Transwell migration, invasion assay (C) and (D) 
western blotting of MDA-MB-231 cells treated with ICAM-1 neutralizing antibody (500 ng/ml, 24 h). E Co-IP with EGFR antibody and western 
blotting to evaluate the interaction between ICAM-1 and EGFR in MDA-MB-231 cells treated with ICAM-1 neutralizing antibody. F Co-IP with EGFR 
antibody and western blotting to evaluate the interaction between EGFR and EGF in MDA-MB-231 cells treated with ICAM-1 neutralizing antibody. 
rh-EGF was added in cell lysates. G Schematic illustration of animal experiments. H, I H&E staining (H) and the number of metastatic nodules (I) 
of lung in MDA-MB-231 orthotopic xenograft mice treated with ICAM-1 neutralizing antibody. Scale bar = 200 μm. J-M Phospho EGFR ELISA (J), 
IHC (K), western blotting (L), and in situ PLA (M) of in MDA-MB-231 orthotopic xenograft tumors mice treated with ICAM-1 neutralizing antibody. 
Scale bar = 100 μm. N Schematic illustration of the mechanism underlying ICAM-1-mediated EGFR activation, leading to cancer metastasis in breast 
cancer. Highlighted arrows indicate the pathways suggested by our study. Data are presented as mean ± SD and analyzed using one-way ANOVA 
or Student’s t-tests. n.s, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001
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underlying its influence on cancer progression remains 
unclear, making it an attractive target for further inves-
tigation [36, 60, 61]. ICAM-1 is also well-known for its 
anti-tumor effects, as it plays a role in T cell priming 
through the trans-endothelial trafficking of effector T 
cells and facilitates immune cell adhesion to tumors [62]. 
Therefore, increased ICAM-1 levels positively correlate 
with immune cell infiltration, suggesting the potential 
of ICAM-1 as a novel immunotherapy. sICAM-1 selec-
tively co-stimulates tumor-specific T cells and promotes 
their interaction, leading to an increase in effector T 
cells and their differentiation into memory T cells [63, 
64]. Due to side effects to patients based on drug safety, 
many clinical trials have also been conducted on T cell 
activation by other costimulatory molecules as a combi-
nation strategy with anti-PD-1, as in the ICAM-1/LFA-1 
axis [65]. Recently, patients with NSCLC indicates that 
high ICAM-1 expression, rather than other checkpoints, 
is associated with higher survival probability and serves 
as a predictive marker for response to anti-PD-1 therapy 
[66].

Here, we examined the expression patterns of cell sur-
face molecules on cancer cells that are primed for thera-
peutic intervention, identifying ICAM-1 as a promising 
target for combating metastatic TNBC. Elevated ICAM-1 
expression aligns with dismal patient survival and 
increased metastatic potential in breast cancer cases. We 
prioritized the significant discovery that ICAM-1 directly 
interacts with EGFR in cancer cells, thereby modulating 
EGFR’s kinase activity. Given that ICAM-1 can undergo 
shedding from the cell surface, generating a soluble form, 
it emerges as a recognized paracrine factor [67]. Here, we 
examined the function of ICAM-1 as an EGFR ligand. 
Although ICAM-1 alone is not sufficient to induce EGFR 
activation, it enhances the ligand-binding affinity of 
EGFR. It is crucial to understand how ICAM-1-mediated 
EGFR activation contributes to breast cancer metasta-
sis while having no impact on cell growth. Growth fac-
tor receptors and G protein-coupled receptors (GPCRs) 
exhibit functional selectivity for particular downstream 
signaling pathways in response to various types of ligands 
or specific microenvironments [50, 51, 68]. Further, 
transient EGFR activation induces proliferation, and 
sustained EGFR activation causes breast cancer cell dif-
ferentiation [52]. Our findings reveal that the enhanced 
ligand-binding affinity of EGFR, facilitated by the inter-
action between ICAM-1 and EGFR, results in amplified 
and prolonged EGFR activation. This corresponds with 
previous studies indicating that persistent EGFR activa-
tion induces EMT in breast cancer cells by influencing 
EMT-associated kinases, including those in the JAK1, 
STAT3, and Src signaling pathways [24, 27, 44]. Moreo-
ver, STAT3 stimulates EMT signature gene expression 

and establishes a positive feedback loop with ICAM-1 
through the EGFR/STAT3 axis. This feedback loop indi-
cates that blocking ICAM-1 not only suppresses EGFR 
activity but also reduces ICAM-1 expression, highlight-
ing ICAM-1 as a clinically significant therapeutic target.

Additionally, we delineated the interaction domains 
of ICAM-1 and EGFR through protein–protein docking 
simulations, co-immunoprecipitation (co-IP), and in situ 
PLA. Our investigation revealed that the IgG-like D1 
domain of ICAM-1 interacts with domain III of EGFR, 
a crucial site for ligand binding. This finding strongly 
suggests that the EGFR-ICAM-1 interaction triggers a 
conformational shift, enhancing the affinity for ligand 
binding. Detailed biochemical analyses at the molecular 
level are crucial for the effective production of mAbs, 
particularly in determining the optimal therapeutic tar-
get within the D1 region of ICAM1. Given that our study 
provides key evidence for the relationship between EGFR 
and ICAM-1, it is worth considering whether there might 
also be an important role for the interaction between 
EGFRvIII, a truncated form of EGFR that acts as a tumor-
specific antigen, and ICAM-1. Our findings revealed 
that the EGFR construct lacking the D3 domain exhib-
ited reduced binding affinity for ICAM-1. Notably, the 
EGFRvIII variant retains the complete D3 domain, sug-
gesting that it could theoretically maintain its ability to 
bind ICAM-1. This hypothesis opens up the possibility of 
EGFRvIII serving as a more tumor-specific target, which 
could be valuable for developing ICAM-1 targeted thera-
peutic interventions.

Elevated EGFR expression is a common feature in 
TNBC cohorts, correlating with poorer survival rates 
[27, 28]. Nevertheless, clinical trials targeting EGFR have 
encountered limited success due to low response rates 
and a multitude of adverse effects [30]. The ineffective-
ness of anti-EGFR therapies in TNBC clinical trials can 
be attributed to several underlying factors. One pri-
mary reason is that TNBC tumors are not solely driven 
by EGFR, due to considerable heterogeneity within this 
subtype of breast cancer. Moreover, the intricate web of 
signaling networks and feedback loops often results in 
resistance to anti-EGFR treatments. Preclinical research 
has demonstrated that inhibiting EGFR can trigger the 
activation of alternative signaling pathways, such as the 
JAK/STAT pathway, thereby promoting tumor growth 
and metastasis.

We provided strong evidence to confirm that the block-
ade of ICAM-1 with neutralizing antibodies exerted a 
robust inhibitory effect on the lung metastasis of breast 
cancer cells in an orthotopic xenograft model. Our cur-
rent study focused on lung metastasis, future research 
could explore additional cancer models to broaden 
our understanding of ICAM-1’s role in organotropic 
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metastasis, which is known to be regulated by breast can-
cer subtypes, the host organ microenvironment, and can-
cer cell-organ interactions [69]. These additional studies 
could include investigating ICAM-1’s potential involve-
ment in metastasis to other common sites for breast 
cancer spread, such as the liver and brain. Such studies 
would provide a more comprehensive view of ICAM-1’s 
function across different metastatic sites and breast can-
cer subtypes.

Our data underscores particular considerations for 
developing anti-EGFR therapy for TNBC. ICAM-1-me-
diated EGFR activation promotes tumor metastasis 
through biased signaling via the JAK/STAT pathway, 
which may not necessarily correlate with resistance to 
anti-EGFR therapies. ICAM-1 is known to play a cru-
cial role in forming the immunological synapse, and its 
inhibition can impair T cell cytotoxicity. While our study 
did not specifically investigate ICAM-1’s potential role 
in immune regulation or its broader effects on the anti-
cancer immune response, recent research has shed light 
on this aspect [70]. Disruption of IFN-gamma signal-
ing mediates partial resistance of solid tumors to T-cell 
bispecific antibody- and CAR T-cell-mediated killing 
[70–72]. The resistance is in part caused by disruption 
of IFN-gamma leading to downregulation of ICAM-1, 
which reduces adhesion of CAR T cells to tumor cells 
[70]. Future studies should aim to unravel the intricate 
interplay between ICAM-1, tumor progression, and 
immune response in the context of cancer immuno-
therapy, as these findings suggest a more complex role 
for ICAM-1 than previously understood. Additionally, 
while EGFR-targeted CAR T cell therapy seems promis-
ing, it might unintentionally promote more aggressive 
cancer behavior in breast cancer due to the complex sign-
aling interactions between IFN-gamma, ICAM-1, and 
EGFR. This complexity suggests that caution is needed 
when considering EGFR as a target for immunotherapy 
in breast cancer.

Our study has several limitations that should be 
addressed in future research. First, our human clinical 
data focused only on breast cancer patients, particu-
larly TNBC. To gain a comprehensive understanding 
of the tumor intrinsic mechanism of the ICAM-1 and 
EGFR interaction role, it is crucial to extend this study 
to other types of human cancers. Second, the efficacy of 
ICAM-1 treatment was only confirmed in mouse mod-
els. Consequently, the potential side effects of ICAM-1 
targeting in the human body have not been verified. 
A clinical trial involving cancer patients is necessary 
to assess both efficacy and safety in humans. Finally, 
while we demonstrated the tumor-intrinsic role of the 
ICAM-1 and EGFR interaction in driving metastatic 
progression, we did not explore the broader immune 

system implications. Targeting ICAM-1 through a 
blocking antibody in an immunocompetent setting 
could potentially impair T cell-mediated killing, lead-
ing to increased tumor growth and metastasis. Further 
studies on the immune regulatory aspects of ICAM-1 
are needed to fully evaluate its potential as a target for 
cancer therapy.

Recent advancements in targeted therapy have intro-
duced a more precise and effective treatment option 
for managing breast cancer. Treatment options for 
TNBC remain limited, and long-term remissions are 
rare. Therefore, there is a significant need for novel and 
improved therapeutic strategies for this patient group. 
The primary goal of targeted therapy is to inhibit spe-
cific molecules that promote tumor growth and sur-
vival. Building on this, we propose that targeting the 
tumor intrinsic role of the ICAM1-EGFR interaction 
offers an effective strategy and mechanism to com-
bat malignancies. Our study provided strong evidence 
that targeting ICAM-1 may be a promising therapeutic 
approach for TNBC, as inhibiting ICAM-1 effectively 
suppressed tumor metastasis without impacting tumor 
growth. These findings suggest that ICAM-1 could play 
a role in the resistance mechanisms observed in some 
TNBC cases, potentially including resistance to anti-
EGFR therapies. Consequently, the development of 
TNBC treatments that modulate ICAM-1 activity, pos-
sibly in combination with existing therapies, presents 
a potential strategy to improve outcomes in resist-
ant cases. However, further investigations are neces-
sary to fully elucidate the involvement of ICAM-1 in 
therapy resistance and to assess the efficacy of ICAM-
1-targeted treatments for TNBC. Such research could 
contribute to a clearer understanding of breast cancer 
subtypes and help refine therapeutic approaches for 
patients with TNBC.

Conclusion
Our study elucidated the crucial role of ICAM-1 as a reg-
ulator of breast cancer metastasis, revealing its molecular 
mechanism. We observed elevated ICAM-1 expression in 
metastatic breast cancer cells, where it directly interacted 
with EGFR. This interaction triggered EGFR-mediated 
STAT3 activation, leading to ICAM-1 upregulation and 
induction of EMT in breast cancer cells. These findings 
shed light on the functional significance of ICAM-1 in 
targeting metastatic breast cancer. Furthermore, blocking 
ICAM-1 significantly attenuated breast cancer metastasis 
by inhibiting the EGFR/JAK1/STAT3 signaling pathway. 
Overall, our results uncover ICAM-1 as a critical binding 
adaptor of EGFR and indicate its potential utility as both 
a prognostic marker and therapeutic target in TNBC.
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Materials and methods
Cell culture
HEK-293 T cells and the human breast cancer cell lines 
MDA-MB-231, BT-20, SK-BR-3, MCF-7, and MCF-10A 
were purchased from American Type Culture Collection 
(Manassas, VA, USA). Cell cultures were maintained in 
a 5% CO2 incubator at 37  °C. MDA-MB-231 and HEK-
293  T cells were maintained in Dulbecco’s Modified 
Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), penicillin (100 U/mL), and strepto-
mycin (100 g/ml). BT-20 and SK-BR-3 cells were cultured 
in Roswell Park Memorial Institute Medium (RPMI) 
provided with 10% FBS, penicillin (100 units/mL), and 
streptomycin (100  g/mL). MCF-7 cells were grown in 
minimum essential medium (MEM) supplemented with 
10% FBS, penicillin (100 U/mL), and streptomycin (100 g/
mL). DMEM, RPMI, MEM, FBS, penicillin, streptomycin 
and trypsin were purchased from GIBCO (Seoul, Korea).

Chemical reagents and antibodies
Antibodies against ICAM1, vimentin (VIM), SLUG, 
TWIST, STAT3, JAK1, phospho-JAK1, EGFR (anti-
mouse and anti-rabbit), phospho EGFR (Y1068), MYC 
(anti-mouse and anti-rabbit), and HA were purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). Poly-
clonal antibodies against SNAIL, phospho-STAT3 (Y705) 
and FLAG (M2) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Polyclonal antibodies 
against N-cadherin were purchased from BD Biosciences 
(Franklin Lakes, NJ, USA). Polyclonal antibody to ZEB1, 
monoclonal antibody to β-actin, and 4,6-diamidino- 
2-phenylindole (DAPI) were purchased from Sigma (St. 
Louis, MO, USA). Anti-rabbit IgG Alexa 488 and anti-
mouse IgG Alexa Fluor 488 antibodies were purchased 
from Invitrogen (Carlsbad, CA, USA). Control anti-
mouse and anti-rabbit IgG antibodies were purchased 
from Santa Cruz Biotechnology.

Invasion and migration assays
For invasion and migration assays, MDA-MB-231, BT-20, 
SK-BR-3, and MCF-7 cells were seeded on the upper 
well of Transwell chambers (8  µm pore size; Corning 
Glass, Corning, NY, USA). For the invasion assay, Tran-
swell chambers were pre-coated with 10 mg/mL growth 
factor-reduced Matrigel (BD Biosciences) on the upper 
side, whereas for the migration assay, the wells were left 
uncoated. The lower chambers were filled with 800 µL of 
growth medium. Non-invading cells were cleared using 
a cotton swab. Invading cells were stained with the Diff-
Quick kit (Fisher) and photographed using an inverted 
microscope. The number of cells in three microscopic 
fields from each well was counted. The percentages of 

invading and migrating cells were determined relative to 
those of control cells. Cells were imaged using a phase-
contrast microscope (Leica Microsystems, Bannockburn, 
IL, USA).

Transfection
For target molecule knockdown, cells were transfected 
with small interfering RNA (siRNA) targeting the respec-
tive molecule using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s protocol. Cells were 
incubated for 48  h after transfection for further experi-
ments. The siRNAs against ICAM1, ICAM2, ICAM3, 
ICAM4, ICAM5, and EGFR were purchased from Geno-
lution Pharmaceuticals Inc. (Seoul, Korea). For ICAM1, 
EGFR, and JAK1 over expression, the cells were trans-
fected with vectors using Lipofectamine and Plus Rea-
gent according to the manufacturer’s protocol.

Plasmid Construction
Human wild-type pCDM8-ICAM1 was gifted by Timo-
thy Springer (Addgene Plasmid # 8632) [32]. To construct 
deletion mutants of ICAM1, pCDM8-ICAM1 was used 
as a template, and ICAM1 was amplified using For-
ward Primer 1 (containing the restriction enzyme site 
EcoRI) and Reverse Primer 2 (containing the restriction 
enzyme site NotI and HA tag sequence). Overlapping 
PCR was performed to generate deletion mutants. For 
the first PCR, two DNA fragments were amplified and 
the sequence of the intended domain that contained a 
common overlapping sequence was removed. The two 
amplified products were then mixed, and the final PCR 
was performed using Forward Primer 1 and Reverse 
Primer 2 to add the EcoRI and NotI restriction enzyme 
sites. Amplified products were subcloned into the MSCV 
vector via ligation. The primer sequences of the deletion 
mutants are shown in Supplementary Table 2.

Construction of knock‑out cell line
MDA-MB-231 cells were seeded in a 24-well plate 
(120,000 cells/well) one day before transfection and 
transfected with 750  ng of Cas9-expressing plasmid 
and 250  ng of sgRNA-expressing plasmid using Lipo-
fectamine 2000 according to the manufacturer’s instruc-
tions. The bulk CRISPR-Cas9-treated cells were then 
seeded into 96-well plates (1 cell/well) to grow single 
clones. Following expansion, the clones were subjected 
to high-throughput sequencing to select knockout cell 
lines. The target Cas sequences were designed using 
Cas-designer (http://​www.​rgeno​me.​net/​cas-​desig​ner/). 
To construct sgRNA-expressing plasmids, two comple-
mentary oligos for each target were annealed and cloned 
into pRG2 (#104,174; Addgene). The target sequence 

http://www.rgenome.net/cas-designer/
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with PAM is as follows: 5’-CCG​AGC​AGG​ACC​AGG​AGT​
GCGGG-3’.

Western blot analysis
Cell lysates were prepared by incubating the cell pellets 
with lysis buffer (40  mM Tris–HCl [pH 8.0], 120  mM 
NaCl, and 0.1% Nonidet-P40) supplemented with pro-
tease inhibitors. Proteins in whole-cell lysates were sepa-
rated using sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to nitrocel-
lulose membranes (Amersham, Arlington Heights, IL). 
The membrane was blocked with 5% non-fat dry milk in 
phosphate-buffered saline (PBS) with Tween 20 (PBST) 
and incubated with primary antibodies overnight at 4 °C. 
Blots were incubated with appropriate horseradish per-
oxidase (HRP)-conjugated secondary antibodies, and 
proteins were visualized using enhanced chemilumines-
cence (ECL) (Amersham, Arlington Heights, IL, USA) 
according to the manufacturer’s protocol. Secondary 
antibodies anti-mouse IgG-HRP, anti-goat IgG-HRP, and 
anti-rabbit IgG-HRP were purchased from Santa Cruz 
Biotechnology.

Co‑immunoprecipitation assay
Cell lysates were prepared with lysis buffer as described 
for western blot analysis. Lysates were precleared using 
protein A-agarose beads (Santa Cruz Biotechnology) 
and then incubated with primary antibodies suitable for 
immunoprecipitation overnight at 4 °C. After 2 h of incu-
bation with protein A-agarose beads, the supernatant 
was collected through centrifugation. Protein A-agarose 
beads were washed thrice with ice-cold PBS, and the 
immunoprecipitates were dissolved in SDS and analyzed 
using western blotting. For the determination of bind-
ing proteins, co-immunoprecipitates were visualized by 
Coomassie staining, sliced, and analyzed by LC–MS/MS 
(PROTIA, Seoul, Korea).

Immunocytochemistry
Cells cultured on coverslips were fixed with 4% para-
formaldehyde (PFA) and permeabilized with 0.1% Triton 
X-100 and 10% FBS in PBS. Following fixation, cells were 
incubated at 4  °C overnight with vimentin, fibronectin, 
Zeb1 E-cadherin and N-cadherin primary antibodies in 
PBS containing 10% FBS and 0.1% Triton X-100. Pro-
tein immunostaining was visualized using Alexa Fluor 
488-conjugated anti-rabbit and anti-mouse secondary 
antibodies (Molecular Probes, Seoul, Korea). Nuclei were 
counterstained with DAPI (Sigma). Immunostaining was 
performed using an Olympus IX71 fluorescence micro-
scope (Olympus, Seoul, Korea).

Immunohistochemistry
Mouse tissues (lungs and xenografts) were fixed in 4% 
formalin to prepare paraffin sections. Paraffin-embed-
ded mouse and human breast microarray tissue sections 
(BR1008 and BR2082b; US Biomax, MD, USA) were 
deparaffinized in xylene and 100%, 95, 70%, and 50% eth-
anol, followed by PBS. Antigen retrieval was performed 
using 20 mg/mL proteinase K in PBS containing 0.1% Tri-
ton X-100. Sections were stained with hematoxylin and 
eosin (H&E) or immunostained overnight at 4  °C with 
primary antibody. After washing in PBS, biotinylated goat 
anti-rabbit IgG or anti-mouse IgG antibody was then 
applied to the sections for 30  min. After washing with 
PBS, ABC reagent (Vector laboratories Inc., Burlingame, 
CA, USA) was applied to the sections for 30 min. Color 
reaction was performed with 3, 3′-diaminobenzidine 
(DAB) (Vector laboratories). After counterstaining with 
hematoxylin and clearing with a graded ethanol series 
and xylene, the sections were mounted using Canada bal-
sam. Images were captured using a DP71 digital imaging 
system and an IX71 microscope (Olympus).

In situ proximity ligation assay (PLA)
PFA-fixed cells were permeabilized with 0.1% Triton 
X-100 and 10% FBS in PBS. In the case of xenografts, 
antigen-retrieved tumor tissues were blocked with a 
blocking solution as per the immunohistochemistry 
(IHC) protocol. After blocking, cells and tissues were 
incubated with primary antibodies (1:500) at 4  °C over-
night. In situ PLA was performed according to the manu-
facturer’s protocol, using a Duolink detection kit with a 
pair of nucleotide-labeled secondary antibodies. After 
ligation and amplification of PLA probes, signals were 
analyzed using confocal microscopy and quantified using 
ImageJ software.

qRT‑PCR
Total RNA was isolated manually using Trizol (Invitro-
gen). qRT-PCR was performed using the KAPA SYBR 
FAST qPCR kit (KAPA Biosystems, Wilmington, MA, 
USA) according to the manufacturer’s instructions. Reac-
tions were carried out in Rotor Gene Q (Qiagen, Seoul, 
Korea), and the results are expressed as fold change cal-
culated using the ΔCt method relative to the control 
sample. β-actin was used as an internal normalization 
control.

ChIP assay
Prior to the ChIP assay, cells were cross-linked using a 
final concentration of 1% formaldehyde. ChIP assay was 
performed using EZ-ChIP (Merck, Darmstadt, Ger-
many) according to the manufacturer’s instructions. 



Page 16 of 18Kang et al. Molecular Cancer          (2024) 23:230 

MDA-MB-231 cells were transfected with si-control 
or si-ICAM-1 prior to IP. IP was performed using anti-
STAT3 and anti-IgG antibodies. The STAT3 binding site 
in the promoter region was predicted using the JASPER 
software (http://​jaspar.​gener​eg.​net/).

Animal studies
All animal experiments were performed in accord-
ance with the guidelines of the Institutional Animal 
Care and Use Committee (IACUC) of Hanyang Uni-
versity. All experiments using 5–6-week-old female 
NOD SCID gamma (NSG) mice were performed by 
Orient Bio. For these experiments, 40 μL of metastatic 
MDA-MB-231-LM1 (sh-cont-LM1 and sh-ICAM-
1-LM1) and MDA-MB-231 (sg-cont, sg-ICAM-1, 
sg-ICAM-1 + ICAM-1WTO/E, and sg-ICAM-1 + ICAM-
1ΔD1O/E) cells were orthotopically injected into the 
fourth mammary fat pad of female mice. ICAM-1 neu-
tralizing antibody was used to confirm the therapeutic 
effects of ICAM-1 blockade. Two weeks after the ortho-
topic injection of MDA-MB-231-LM1, the ICAM-1 neu-
tralizing antibody was intratumorally injected 3 times 
(2  mg/kg). Tumor size was measured using a digital 
caliper, and tumor volumes were assessed using width 
(W) and length (I) and calculated using the following 
formula: (longest diameter/2) × (shortest diameter2). To 
detect lung metastases, lungs were removed and fixed 
in 9% PFA. Detectable tumor nodules on the entire lung 
surface were counted to calculate the metastatic index. 
Tumor tissues were homogenized, and the expression of 
target genes and proteins was analyzed using qRT-PCR 
and western blotting.

Statistical analysis
All experimental data were reported as mean ± standard 
deviation (SD, represented by error bars), and all experi-
ments were repeated three times. Statistical comparisons 
between two groups were conducted using Student’s 
t-test, while comparisons among multiple groups were 
performed using one-way ANOVA. Significance was 
determined by ordinary one-way ANOVA with Tukey 
pairwise multiple comparison testing. Significance was 
determined by T-test with Unpaired t-testing. Correla-
tion analyses were evaluated using simple linear regres-
sion. Overall survival analyses were assessed using the 
Log-rank (Mantel-Cox) test. All analyses were carried 
out using GraphPad Prism software (Version 9.0). P val-
ues ≤ 0.05 were considered significant. Sample size for 
each statistical analysis was indicated.

Data and software availability
The datasets used in this study are publicly available in 
the UCSC Xena (http://​xena.​ucsc.​edu; Cancer Genome 

Atlas Program [TCGA] breast cancer), Gene Expression-
Based Outcome (GOBO) (http://​co.​bmc.​lu.​se/​gobo/​
gsa.​pl), and Gene Expression Omnibus (GEO) data-
bases (GSE45827, GSE65194, GSE22358, GSE25066, 
GSE20711, GSE41313). ImageJ and gene set enrichment 
analysis (GSEA) software are currently available on their 
respective websites (https://​imagej.​nih.​gov/​ij; https://​
www.​gsea-​msigdb.​org/​gsea/​index.​jsp). The Graph-
Pad Prism software (version 9.0) was purchased from 
https://​www.​graph​pad.​com/​scien​tific-​softw​are/​prism/. 
Cytoscape was used to draw the ICAM-1-protein inter-
action network [73].
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