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Abstract

In this study, we present a medium throughput siRNA screen platform to identify inflammation 

genes that regulate cancer cell stemness. We identified several novel candidates that decrease 

OCT4 expression and reduce the ALDH+ subpopulation both of which are characteristic of 

stemness. Furthermore, one of the novel candidates ICAM3 up-regulates in the ALDH+ 

subpopulation, the side population and the developed spheres. ICAM3 knockdown reduces the 

side population, sphere formation and chemo-resistance in MDA-MB-231 human breast cancer 

cells and A549 lung cancer cells. In addition, mice bearing MDA-MB-231-shICAM3 cells develop 

smaller tumors and fewer lung metastases versus control. Interestingly, ICAM3 recruits and binds 

to Src by the YLPL motif in its intracellular domain which further activates the PI3K-AKT 

phosphorylation cascades. The activated p-AKT enhances SOX2 and OCT4 activity and thereby 
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maintains cancer cell stemness. Meanwhile, the p-AKT facilitated p50 nuclear translocation/

activation enhances p50 feedback and thereby promotes ICAM3 expression by binding to the 

ICAM3 promoter region. On this basis, Src and PI3K inhibitors suppress ICAM3-mediated 

signaling pathways and reduce chemo-resistance which results in tumor growth suppression in 
vitro and in vivo. In summary, we identify a potential CSC regulator and suggest a novel 

mechanism by which ICAM3 governs cancer cell stemness and inflammation.
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1. Introduction

The cancer stem cell (CSC) is the chief culprit in tumor initiation and malignancy whereby 

the maintenance of cancer cell stemness largely depends on the surrounding environment or 

“niche” [1–5]. Although the highly tumorigenic CSCs play a role in tumor initiation/

metastasis and might therefore be a good clinical therapy target, CSCs unfortunately 

demonstrate a relative resistance to conventional chemotherapy and radiotherapy.

In addition, tumor-associated inflammation factors within the tumor niche play a pivotal role 

in the maintenance of cancer cell stemness and the resultant tumor initiation/malignancy [6, 

7]. However, tumor-associated inflammation genes or pathways that govern cancer cell 

stemness remain poorly understood.

The intercellular adhesion molecule (ICAM) family is a subfamily of immunoglobulin (Ig) 

superfamily with five known ICAM family members (ICAM1-ICAM5) which play a role in 

inflammation, immune responses, and intracellular signaling [8]. All ICAMs are type I 

transmembrane glycoproteins that contain a N-terminus extracellular domain, a single 

transmembrane domain, and a C-terminus cytoplasmic domain. ICAMs possess 2-9 Ig-like 

C2-type domains in extracellular region and bind to the leukocyte adhesion protein LFA-1 

[9–12]. The extracellular domain of ICAMs show a striking homology, but the 

transmembrane domain and cytoplasmic domain show little conservation. Important 

differences may exist among various ICAMs in regards to cell surface localization, 

cytoskeletal interactions, and signaling. ICAMs are found in epithelium, endothelium, 

leukocytes, fibroblasts, erythrocytes, platelets, and neurons. Previous reports indicate that 

ICAM-1 is found in prostate, breast, liver and esophageal cancers and probably acts in the 

progression of these cancers [13–16]. Although elevated levels of other ICAM family 

members occur in certain carcinomas, the role of ICAMs in the clinical outcomes and 

prognosis of cancer patients remains unclear.

Numerous reports suggest that ICAM3 is involved in immune cell interactions and T 

lymphocyte activation [10, 17]. Recently, several studies have suggested that ICAM3 exerts 

strong stimulatory activity in tumor drug resistance [18], radiation resistance, and cancer cell 

migration/invasion/proliferation [19, 20]. ICAM3 contains two tyrosine residues in the 

cytoplasmic domain. The sequence motif (called the Ag recognition activation motif) 

arranges in the general pattern YXXL and plays a critical role in signal transduction. The 
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tyrosine residues in the Ag recognition activation motif (YXXL) are phosphorylated after 

receptor stimulation, probably by Src kinase family members [12]. This phosphorylation 

plays a role in other tyrosine kinase phosphorylation events, for example, in human 

neutrophils.

In this study, we performed a medium throughput siRNA screening system to identify 

inflammation genes involved in OCT4 expression. Primary gene hits were further validated 

in a secondary screen and the ALDH activity assay which identified 10 high confidence hits. 

We further characterized the inflammation gene ICAM3 in detail and found that ICAM3 

shows a significant involvement in cancer cell stemness in vitro and in vivo. Also, blockage 

of the Src-PI3K-AKT signal pathway inhibits the expression of ICAM3 and disturbs the 

interaction between inflammation and stemness pathways which thereby results in impaired 

CSCs identities. Our results may provide novel targets to CSCs and new strategies for cancer 

treatment.

2. Materials and Methods

2.1 Vector Construction

ShRNA targeting human ICAM3 and scrambled control sequence were summarized in 

Supplemental Table 1. The palindromic DNA oligos were annealed to each other to form a 

double-strand oligo and ligated to the linearized pLV-H1-EF1α-puro (cat. #SORT-B19, 

Biosettia Inc.) vector to generate circled pLV-H1-shRNA-Puro. Specific primers for ICAM3 

or mutant types were summarized in Supplemental Table 1. The amplified fragments were 

finally ligated into pLV-EF1α-MCS-IRES-Bsd (cat. #cDNA-pLV 03, Biosettia Inc.) 

expression vector.

2.2 Cell culture

HMLE-snail cells were cultured in mammary epithelial basal medium supplement with 

BPE, hEGF, hybrocortisone, GA-1000, insulin (Lonza). Human lung cancer cell line A549 

and breast cancer cell line MDA-MB-231 cells were purchased from ATCC. All the cell 

lines were recently authenticated by cellular morphology and the short tandem repeat 

analysis at Microread Inc. (Beijing, China; May 2014) according to the guideline from 

ATCC. A549 and 231 cells were infected with lentivirus carrying pLV-H1-shICAM3-puro or 

pLV-EF1α-ICAM3-puro plasmids, followed by selection using 2 μg/ml puromycin to 

generate polyclonal cell populations.

2.3 Medium-throughput siRNA screen, data analysis and hit selection

The human siGENOME SMART pool library targeting 1027 inflammation-related genes 

were obtained from Dharmacon. For the siRNA screens, transfection mixtures were 50nM 

siRNA, 100ng OCT4 reporter constructs (QIAGEN) and 0.3 ul Lipofectamine 2000 

(Invitrogen) in 50 ul opti-MEM medium (Invitrogen), three replicates were used for each 

siRNA. In each plate, we used both POU5FI (5460) siRNA-SMART pool Dharmacon 

M-019591-03-0005 and SiGENOME Human PRDM14 (63978) siRNA-SMART pool as 

positive controls [21]. HMLE-snail cell were plated in 50ul opti-MEM medium with a 

density of 10000 cells per well in 96-well plate. Dual Luciferase reporter assay was carried 

Shen et al. Page 3

Cancer Lett. Author manuscript; available in PMC 2018 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



out for medium-throughput readout (Promega), and the level of OCT4 reporter gene 

expression was measured using a microplate reader (Mithras LB941, Berthold 

Technologies). OCT4 reporter values were normalized to the expression of the Renilla 

luciferase reporter. Fold change value of each siRNA sample was calculated. The 

distribution of the datasets was determined to be closed to normal distribution, so the 

Student pair-t test between each siRNA group and the relative negative control group was 

performed. The cut-off values for the screen are Fold change <0.5 or >2.0, and P<0.05.

2.4 DAVID Bioinformatics analysis

DAVID Bioinformatics Tool [22, 23] was used to identify functional enrichment of the 10 

genes, which could be performed gene ontology analysis to explore the biological process 

correlated with these genes. The p-value was defined by <0.05.

2.5 Immunohistochemistry

Immunohistochemistry was performed on 80 paraffin-embedded human lung cancer, breast 

cancer, colon cancer and prostate cancer tissue microarray (cat. # MC8010 & cat. # 

Top4-240a, Alenabio Company, Shanxi, China). Primary antibody raised against ICAM3 at 

a 1:100 dilution overnight. The expression levels of ICAM3 were scored according to the 

percentage of ICAM3-positive cells in the each tumors tissues and their staining intensity. 

Specifically, 0%–25%, 26%–50%, 51-75% and 76-100% were scored as 1, 2, 3 and 4 

respectively; non-significant brown, slight brown, moderate brown and deep brown staining 

intensities were scored as 1, 2, 3 and 4, respectively. The two scores were multiplied. 

Evaluation was carried out by two independent observers. The images were recorded by 

Olympus BX51 Epi-fluorescent microscopy under a 20× or 40×objective (Olympus Co, 

Tokyo, Japan).

2.6 Immunofluorescence

Cells grow on glass slides, tumor tissue slices were fixed in 4% paraformaldehyde and 

labeled with primary antibodies overnight at 4°C, followed by incubation with species-

appropriate secondary antibodies at room temperature for 1h. Nuclei were stained with 

DAPI, and Images were obtained using a Leica DM4000 upright microscope or confocal 

fluorescence microscopy (Nikon, Tokyo, Japan).

2.7 Immunoprecipitation

Cell protein lysates were incubated with protein A/G agarose beads (Life technology) and 

antibody overnight at 4°C. Then centrifuge at 2500 rpm for 30s and wash the pellets 

carefully pre-chilled PBS buffer. Finally, binding proteins were boiled to proceed SDS-

PAGE. Immunoprecipitates were analyzed with the specific antibody by Western blot. 

Antibodies used in this assay are listed in supplementary Table S2.

2.8 Western blotting

Cell lysates from different cell lines were prepared with RIPA buffer in the presence of 

protease inhibitor cocktails and Phosphatase Inhibitor Cocktail 2 and 3 (P8340, P5726 and 

P0044, Sigma-Aldrich, St Louis, MO, USA). Protein (20-50μg) was separated by 8–15% 
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Tris-acrylamide gels and blotted with primary antibodies at 4°C overnight followed by 

incubation with horseradish peroxidase-conjugated secondary antibodies. The results were 

detected by ECL reagent (cat. #17153, Millipore, Billerica, MA, USA). Primary antibodies 

used in this assay are listed in supplementary Table S2. Images were acquired using the 

BioRad Chemi Doc MP Imaging System (BioRad, Hercules, CA, USA). All Western blots 

were a representative image of three separate experiments. The results were analyzed using 

Image J software (National Institutes of Health, Baltimore, MD).

2.9 Chromatin immunoprecipitation assay

The assay was performed with an EZ-Zyme Chromatin Prep Kit (Millipore), according to 

the manufacturer’s protocol. Anti-P50 antibody was used to precipitate DNA cross-linked 

with P50, and normal rabbit IgG was used in parallel as a control. Enriched DNA was then 

used as a template to assess the binding intensity of P50 to putative binding sites in the 

ICAM3 promoter. Primers used in this assay are listed in supplementary Table S1.

2.10 Luciferase assay

The luciferase reporter vectors, the OCT4, ICAM3 gene promoter fragments were amplified 

from human genomic DNA and cloned into the firefly luciferase plasmid pGL3-basic-IRES. 

For reporter assays, above constructs along with pRL-TK plasmid (internal reference) were 

co-transfected into MDA-MB-231 or A549 cells. Then cells lysates were collected and 

analyzed with Dual-luciferase reporter assay system following its manual (Promega, E1910). 

And the reporter activity was measured using a microplate reader (Mithras LB941, Berthold 

Technologies).

2.11 Sphere formation assay

Cells were collected and rinsed to remove serum, then dissociated to single-cell suspension 

in serum-free DMEM/F12 medium supplemented with 100 IU/ml penicillin, 100 μg/ml 

streptomycin, 20 ng/ml human recombinant epidermal growth factor (hREGF), 20 ng/ml 

human recombinant basic fibroblast growth factor (bFGF), 2% B27 supplement (Invitrogen). 

Cells were subsequently cultured in ultra-low attachment 24-well plates at a density of 500 

cells per well.

2.12 Flow cytometry

The apoptosis assay: The 231 and A549 cells were treated with DDP (10ug/ml) for 24h, then 

harvested and resuspended in pre-warmed staining buffer (PBS buffer added 2% FBS) at a 

density of 1.0×106 cells/ml. Apoptotic cells were stained with propidium iodide and 

Annexin-V-FITC (BD Biosciences). Flow cytometry analysis was performed by FACS 

Calibur cytometer (BD Biosciences), in which a minimum of 10, 000 events were recorded.

The ICAM3-ALDH1 double staining assay: The 231 and A549 cells were harvested and 

resuspended in pre-warmed staining buffer at a density of 1.0×106 cells/ml. ICAM3 

antibody (1ug/ul) and ALDH1 antibody (1ug/ul) was added for 2h. Flow cytometry analysis 

was performed by FACS Calibur cytometer (BD Biosciences).
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Side population assay: 231, A549 cells were harvested and resuspended in pre-warmed 

staining buffer at a density of 1.0×106 cells/ml. Hoechst 33342 dye was added at a final 

concentration of 7 μg/ml (231), 8 μg/ml (A549) in the presence or absence of 10 μM 

fumitremorgin C (FTC). Cell samples were placed in a 37°C for 60 min and mixed every 10 

min. At the end of the staining period, cells were resuspended in cold staining buffer 

containing 1 μg/ml propidium iodide (PI) for dead cell discrimination. The Hoechst dye was 

excited with a UV laser at 355 nm, and its fluorescence measured with a 460/50 BP filter 

(Hoechst Blue) and a 670/30 BP filter (Hoechst Red) on flow cytometer BD Biosciences 

(San Jose, CA, USA) FACS ARIA II.

2.13 Animal study

NOD/SCID mice at 6–8 weeks were separated randomly into several groups (n ≥3). Cells 

were inoculated s.c into each mouse. Tumor volume (mm3) was measured with calipers and 

calculated by using the standard formula: length × width2/2. The individual measuring the 

mice was unaware of the identity of the group measured. Two months after implantation, 

primary tumors were harvested and analyzed by in vivo molecular imaging technology. 

Lungs were fixed in formalin, and embedded in paraffin, and sections were analyzed by 

H&E staining.

For inhibitor treatment assay, 15 days after tumor cells injection, mice were first treated with 

Src inhibitor (a new specific high efficient Src inhibitor [24], 20mg/kg), PI3K inhibitor 

(LY294002, 70mg/kg) or NF-KB inhibitor (PDTC, 40mg/kg), respectively. DMSO used as 

the control.

In the chemo-resistance assay, 12 days after tumor cells injection the mice were treated with 

DDP (2.5mg/kg), Src inhibitor (10mg/kg), PI3K inhibitor (40mg/kg), DDP+Src inhibitor 

and DDP+PI3K inhibitor separately every two days. DMSO used as the control.

2.14 Statistical analysis

Values were expressed as means±s.e.m. Significance was determined by χ2 test, others were 

determined by Student’s t-test. A value of P<0.05 was used as the criterion for statistical 

significance. *Indicates significant difference with P<0.05, **indicates significant difference 

with P<0.01, ***indicates significant difference with P<0.001 [25, 26].

3. Results

3.1 The screen for new inflammation-related CSCs regulators via a medium throughput 
siRNA library

We constructed a medium throughput RNAi screen platform in order to systemically 

investigate the correlation between inflammation and CSCs. The stem-like cell line, HMLE-

snail (immortalized human mammary epithelial cells by ectopic expression of Snail) was 

chosen as a CSC model for the screen [27–30]. We chose the HMLE-snail cell line because 

this cell line demonstrates important properties of stem cell markers, for example, stable 

expression (Fig S1A), sphere formation (Fig S1B), high percentage of ALDH positive cells 

(Fig S1C) and stable ability for screening (Fig S1D). A dual-luciferase reporter construct 
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driven by the OCT4 promoter was transfected into HMLE-snail cells [21]. Using the 

reporter system, we screened a siRNA library targeting 1027 human inflammation genes 

(Fig 1A). These genes were identified by ingenuity pathway analysis and were assembled 

into 17 functional sub-pathways involved in one or multiple phases of inflammation (Fig 

S2A). We set a cut-off for genes with a fold change of ≥ 2 or ≤ 0.5 and an adjusted P value 

of < 0.05 to be considered as potential candidates. These cut-off parameters yielded in 156 

candidate genes. These 156 candidate genes were re-screened in triplicate which resulted in 

72 candidate genes that may function in the control of OCT4 expression (Fig 1B, 

Supplemental table 3). The signaling pathway distribution of the 72 candidate genes 

narrowed down to mainly the Adhesion-Extravasation-Migration pathway, followed by the 

MAPK pathway, cytokine pathway, and finally the NF-κB pathway (Fig S2B).

We ascertained that the knockdown of 10 genes (NFKB1, IL-1α, IL-1β, p50, p130, TRAF6, 

PRTN3, PDE3A, ICAM3 and CCL16) decreases the ALDH+ subpopulation in HMLE-snail 

cells using the ALDH+ staining assay (Fig S2C). We analyzed the candidate genes by 

DAVID Bioinformatics to further investigate the candidate genes related signaling pathways. 

This analysis revealed that the 10 candidate genes show a direct or indirect involvement in 

the PI3K-AKT, Notch, Wnt/SHH, and BMP signaling pathways which are known CSC-

related pathways (Fig S1D). Together, these results indicate that the 10 candidate genes 

demonstrate a close linkage with cancer cell stemness which suggests a role in CSCs 

maintenance.

3.2 The selected inflammatory genes were highly expressed in malignant tumors

Of the 10 candidate genes, ICAM3 has been previously reported to show little association 

with CSC characteristics. Therefore, to fully appreciate the correlation of ICAM3 with 

cancer cell stemness, we examined the expression levels of ICAM3 using tissue microarrays 

consisting of 300 patient biopsies from four different cancer types (breast, lung, colon and 

prostate) and normal controls. The tissue microarray results showed that expression levels of 

ICAM3 increase in tumor biopsies versus comparable normal tissues (Fig 1C). Since the 

clinical pathological grade of a tumor closely correlates to tumor malignancy/differentiation, 

we explored the correlation between the expression levels of ICAM3 and the pathological 

grade of the tumor biopsies. We found a positive correlation between elevated expression 

levels of ICAM3 and high grade tumor biopsies (Fig 1D). In brief, ICAM3 fulfill all 

screening criteria. We checked the expression level of ICAM3 in human cancer cell lines 

from four cancer types (breast, lung, colon, and liver) and relatively normal cell lines. The 

results showed that ICAM3 had high expression levels in the cancer cell lines, especially in 

malignant breast cancer cells MDA-MB-231, lung cancer cells A549 (Fig 1E, Fig S3A). 

Based on the above-mentioned findings, we decided to focus specifically on ICAM3 as a 

cross-talk protein that mediates cancer cell stemness and inflammation at this time.

3.3 ICAM3 plays a vital role in the maintenance of CSC identity

We examined the mechanism by which ICAM3 regulates CSCs using various experimental 

approaches. We first knocked down ICAM3 expression in MDA-MB-231, A549, and HepG2 

cancer cells by stable expression of either two ICAM3 shRNAs or control (sc). We found 
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that ICAM3 knockdown consistently decreases expression levels of stemness markers, 

including OCT4, SOX2, NANOG, β-catenin (Fig 2A, Fig S3B).

We next analyzed ICAM3 expression in ALDH− and ALDH+ cells using FACS. We found 

that ICAM3 expression was obvious in ALDH+ cells using the same amount of ALDH− or 

ALDH+ cells (Fig 2B). In addition, the loss of ICAM3 significantly decreases the proportion 

of side population (SP) cells and restrains tumor sphere formation in MDA-MB-231 and 

A549 cancer cells (Fig 2C, 2D).

We also analyzed ICAM3 expression in SP cells (evaluated by ABCG2, SOX2, and OCT4 

protein expression) and in cultured tumor spheres (evaluated by SOX2 and OCT4 mRNA 

expression). We found elevated ICAM3 expression levels in SP cells and tumor sphere 

versus non-SP cells or non-spheres (Fig 2E, 2F, Fig S3C).

We further investigated whether ICAM3 expression mediates cisplatin (DDP) resistance and 

metastases by analyzing apoptosis after DDP treatment of MDA-MB-231 and A549 cancer 

cells. We found that ICAM3 knockdown attenuates cisplatin resistance and induces 

apoptosis (Fig 2G).

To verify our in vitro findings, we performed tumor xenograft studies in NOD/SCID mice 

injected with either 231-shICAM3 or 231-sc cells. We found a marked reduction in tumor 

growth in the 231-shICAM3 group versus the 231-sc control (Fig 2H). In addition, a 

suppression of lung metastasis occurs in the 231-shICAM3 group versus the 231-sc control 

(Fig 2I). Finally, a decreased immunocytochemical staining of stemness markers (SOX2, 

OCT4 and ALDH1) occurs in the 231-shICAM3 group versus the 231-sc control (Fig 2J, 

Fig S3D). We suggest that these results collectively indicate that ICAM3 silencing abates 

cancer cell stemness in vitro and in vivo.

3.4 ICAM3 facilitates the expression of pluripotency factors by interacting with Src kinase 
followed by PI3K-AKT pathway activation

We detected PI3K pathway signals based on our previous bio-informatic analysis of the 

screen candidates to determine the mechanism by which ICAM3 mediates CSC identities. 

We found that the loss of ICAM3 reduces the expression levels of p-PI3K and p-AKT (Fig 

3A, Fig S4A).

We next investigated the mechanism by which ICAM3 affects the PI3K pathway. In this 

regard, previous reports indicate that ICAM3 contains an activation motif in the cytoplasmic 

domain with the general YXXL pattern. The cytoplasmic domain is phosphorylated on the 

tyrosine residue and associates with tyrosine kinase activity in human neutrophils [31] (Fig 

3B). Src is a non-receptor protein tyrosine kinase which undergoes activation after engaging 

many different classes of cellular receptors, including integrin and other adhesion receptors. 

Therefore, we decided to explore the interaction between ICAM3 and Src in cancer cells.

We found that ICAM3 silencing suppresses Src phosphorylation (p-Src) in MDA-MB-231 

and A549 cancer cells (Fig 3C). We also showed a definitive interaction between ICAM3 

and Src in MDA-MB-231 and A549 cancer cells using co-immunoprecipitation and ICAM3 
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or Src antibodies (Fig 3D, 3E). We finally showed that ICAM3 co-localizes with Src in 

MDA-MB-231 and A549 cancer cells using double fluorescent staining (Figure 3F).

We examined the contribution of Src in delivering the signal from ICAM3 to the PI3K-AKT 

pathway through the ICAM3 YLPL motif by transfecting MCS, ICAM3, and two active 

mutations (Mut1 and Mut2 with mutant or deficient Src binding sites) into MDA-MB-231 

and A549 cancer cells. We found that the expression levels of p-Src, p-PI3K, p-Akt, SOX2, 

and OCT4 increase in the ICAM3-transfected cancer cells versus the MCS-transfected 

control cells (Fig 3G, Fig S4B). We also found that the expression levels of SOX2 and 

OCT4 decrease in Mut1- and Mut2-transfected cancer cells since Src failed to bind ICAM3 

due to the YLPL motif mutation thereby restraining Src phosphorylation and a downstream 

cascade of PI3K-AKT phosphorylation reactions (Fig 3G,3H).

The above-mentioned findings raise the question: Does AKT phosphorylation directly 

mediate the expression levels of the pluripotency transcription factors SOX2 and OCT4? To 

address this question, we performed immunoprecipitation (IP) with anti-p-AKT antibody 

and immunoblotting with anti-SOX2 antibody in MDA-MB-231 and A549 cancer cells. We 

discovered that p-AKT interacts with stemness factor SOX2 in MDA-MB-231 and A549 

cancer cells (Fig 3I). In addition, in order to identify the final target of the signaling pathway 

and to verify our initial screen results, we performed the dual-luciferase assay using a 

ICAM3 overexpression vector and the OCT promoter driven luciferase construct co-

transfected into MDA-MB-231 and A549 cancer cells. We found that ICAM3 

overexpression promotes OCT4 promoter activity (Fig 3J). These findings collectively 

suggest that ICAM3 interacts with Src and accelerates Src phosphorylation which then 

activates the PI3K pathway.

3.5 The ICAM3-Src-PI3K-AKT pathway enhances cancer cell stemness in vivo

We examined whether the ICAM3-Src-PI3K-AKT signaling pathway plays a role in cancer 

cell stemness in vivo by transfecting MCS, ICAM3, and two active mutations (Mut1 and 

Mut2 with mutant or deficient Src binding sites) into A549 cancer cells and then implanting 

the transfected cells into NOD/SCID mice. We observed that tumor growth was reduced in 

the Mut1 and Mut2 groups versus the ICAM3 group, but similar to the MCS group (Fig 4A). 

We also observed by Western blot that the expression levels of p-Src, p-PI3K, p-Akt, SOX2, 

and OCT4 decrease in Mut1- and Mut2-transfected A549 cancer cells (Fig 4B, Fig S4C). 

Moreover, we observed a decreased immunocytochemical staining of p-Src, p-PI3K, p-Akt, 

SOX2, and OCT4 in Mut1- and Mut2-transfected A549 cancer cells versus ICAM3-

transfected A549 cancer cells (Fig 4C, 4D). We observed a decreased immunofluorescence 

staining of OCT4 in Mut1- and Mut2-transfected A549 cancer cells since Src binding to 

ICAM3 is abolished in these cells (Fig 4E). Together, these findings suggest that ICAM3 

interacts with Src and accelerates Src phosphorylation which then activates the PI3K 

pathway in vivo.
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3.6 Inhibitors targeted ICAM3 mediated signaling pathways suppressed cancer cell 
stemness in vitro and in vivo

We investigated the effects of a novel high potent Src inhibitor (13an) and a PI3K inhibitor 

(LY294002) in ICAM3-transfected MDA-MB-231 and A549 cancer cells. We found that Src 

inhibition decreases expression levels of SOX2 and OCT4 and blunts ICAM3-induced Src-

PI3K-AKT pathway activation in ICAM3-transfected MDA-MB-231 and A549 cancer cells 

(Fig 5A, Fig S5B). To ensure that the observed downstream effects are not due to off-target 

effects of the new Src inhibitor, we used the typical Src inhibitor (dasatinib) (0.1uM) and 

13an (0.1uM) to treat cells and found that Src inhibitors suppressed Src and PI3K/AKT 

activation further to inhibit OCT4 expression. Moreover, our inhibitor 13an was more 

effective than dasatinib (Fig S5A). We also found that PI3K inhibition decreases expression 

levels of SOX2 and OCT4 and blunts ICAM3-induced PI3K-AKT pathway activation in 

ICAM3-transfected MDA-MB-231 and A549 cancer cells (Fig 5B, Fig S5C).

We next studied the effects of a novel high potent Src inhibitor (13an) and a PI3K inhibitor 

(LY294002) in ICAM3-transfected A549 cancer cells 15 days after implantation into NOD/

SCID. We found that tumor growth was reduced by Src inhibition and PI3K inhibition 

versus the DMSO control group in ICAM3-transfected A549 cancer cells (Fig 5C). In 

addition, we found that the Src inhibitor (13an) and the PI3K inhibitor (LY294002) 

modulate in vivo the phosphorylation of the PI3K-AKT pathway and the expression levels of 

SOX2 and OCT4 in ICAM3-transfected A549 cancer cells (Fig 5D, Fig S5D). We also 

observed a decreased immunocytochemical staining of p-Src, p-PI3K, p-Akt, SOX2, and 

OCT4 after treatment with the Src inhibitor (13an) and the PI3K inhibitor (LY294002) 

versus DMSO (control) treatment in ICAM3-transfected A549 cancer cells (Fig 5E, 5F). 

Analogously, we also observed a decreased immunofluorescence staining of cell membrane-

associated ICAM3 and nuclear-associated OCT4 after treatment with the Src inhibitor 

(13an) and the PI3K inhibitor (LY294002) versus DMSO (control) treatment in ICAM3-

transfected A549 cancer cells (Fig 5G). Taken together, these data indicated that inhibitors 

targeted ICAM3 mediated signaling pathways suppressed cancer cell stemness in vitro and 

in vivo.

3.7 The feedback loop of ICAM3 promotes the transcriptional activity of p50 via Src-PI3K-
AKT pathway in vitro and in vivo

In order to explore whether the tumor inflammatory niche triggers or feedbacks to ICAM3 

expression, we used the inflammatory mediator LPS or cytokine IL-1 and treated MDA-

MB-231 cancer cells for 0, 0.5, 1, 2, 6, or 24 hours. We found that both LPS and IL-1 

enhance ICMA3 expression in a time-dependent manner (Fig 6A, Fig S6A). Since the entry 

of p50 into the nucleus plays a key role in determining NF-κB transcriptional activity, we 

investigated whether ICAM3 regulates p50 transcriptional activity via the Src-PI3K-AKT 

pathway using immunofluorescence staining of p50 in ICAM3-transfected MDA-MB-231 

and A549 cancer cells. We found that ICAM3 overexpression facilitates p50 nuclear 

translocation (Fig 6B).

To further explore whether ICAM3 regulates p50 transcriptional activity via the Src-PI3K-

AKT pathway, we investigated the effect of the Src inhibitor (13an) and the PI3K inhibitor 
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(LY294002) in ICAM3-transfected MDA-MB-231 and A549 cancer cells using Western 

blot. We found that ICAM3 overexpression increases nuclear p50 and that both inhibitors 

(13an and LY294002) decrease nuclear p50 (Fig 6C, Fig S6B).

In addition, to explore whether p50 possesses a feedback loop that regulates ICAM3 

expression and Src-PI3K-AKT activation, we investigated the effect of the NF-κB inhibitor 

(PDTC) in ICAM3-transfected MDA-MB-231 and A549 cancer cells using Western blot. 

PDTC inhibits I-κB phosphorylation which prevents NF-κB nuclear translocation/activation 

[32, 33]. We found that PDTC reduces the activation of the Src-PI3K-AKT pathway in 

ICAM3-transfected MDA-MB-231 and A549 cancer cells (Fig 6D, Fig S6C). In order to 

further validate whether p50 possesses a feedback loop that regulates ICAM3 expression, we 

studied the effect of PDTC in MDA-MB-231 and A549 sc cells (sh-control like WT cells). 

Our results showed that PDTC decreases ICAM3 expression and Src signaling activation 

which indicates a p50 feedback loop in the regulation of the Src-PI3K-AKT pathway exists 

(Fig 6E).

We next investigated whether p50 regulates ICAM3 gene transcription using the CHIP assay. 

We verified that p50 binds to the ICAM3 gene promoter at approximately the 600-1200bp 

region upstream of the transcription start site (TSS) (Fig 6F).

In order to complement the CHIP assay, we co-transfected a ICAM3 promoter driven 

luciferase reporter construct and a p50 overexpressed vector in MDA-MB-231 and A549 

cancer cells and used the luciferase assay. We found that p50 overexpression heightens 

ICAM3 promoter activity. However, when cells overexpression the p50 expression then 

treated with PDTC, the ICAM3 promoter transcription activity was reduced (Fig 6G).

We next studied the effects of the PDTC in ICAM3-transfected A549 cancer cells 15 days 

after implantation into NOD/SCID. We found that the PDTC reduces tumor growth versus 

the DMSO control group (Fig 6H). We also observed that the Src inhibitor (13an) and the 

PI3K inhibitor (LY294002) prevents p50 translocation into the nucleus in ICAM3-

transfected A549 cancer cells using Western blot analysis (Fig 6I). Furthermore, the PDTC 

suppressed ICAM3 expression and Src-PI3K-AKT pathway activation in ICAM3-

transfected A549 cancer cells using Western blot analysis (Fig 6J, Fig S6D). Similarly, the 

PDTC reduced the immunostaining of ICAM3, p-Src, p-PI3K, and p-AKT versus DMSO 

control in ICAM3-transfected A549 cancer cells using immunocytochemistry (Fig 6K, 6L). 

The PDTC also reduced the immunostaining of ICAM3 and NF-κB versus DMSO control in 

ICAM3-transfected A549 cancer cells using double immunofluorescence staining (Fig 6M). 

These findings collectively demonstrated that the regulation of ICAM3-Src-PI3K-AKT-p50 

forms a feedback loop.

3.8 Inhibitors targeted ICAM3 mediated signaling pathways reduced chemo-resistance in 
vitro and in vivo

As chemo-resistance was one of the major obstacles in cancer therapy, also ICAM3 

enhanced cancer cell chemo-resistance (Fig 2G). We investigated whether the inhibitors we 

used above contributed to chemotherapy. We chose A549 multi-drug-resistance (MDR) cells 

and western results showed that the expression of MDR, ICAM3, p-Src, p-PI3K, OCT4 in 
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A549-MDR cells were increased compared with A549-WT cells (Fig 7A, Fig S6E). We next 

detected the effects of Src or PI3K inhibitors to DDP resistance in A549-MDR cells. FACS 

(PI-Annexin V) results showed that the inhibitors attenuates cisplatin resistance and induces 

apoptosis (Fig 7B). We also observed the inhibitors reduced ICAM3, MDR, OCT4 

expression, increased cleaved caspase 3 expression (Fig 7C, Fig S6F).

We next studied the effects of Src or PI3K inhibitors in A549-MDR cancer cells 12 days 

after implantation into NOD/SCID mice followed by DDP treatment. We found that DDP 

did not affect tumor volume versus the DMSO control. However, the Src or PI3K inhibitor 

only groups demonstrated a decreased tumor volume. Most importantly, the Src or PI3K 

inhibitor plus DDP groups demonstrated a decreased tumor volume versus the DDP or 

inhibitors only controls (Fig 7D, 7E).

To further identify the role of ICAM3 in chemo-resistance of A549-MDR to DDP, we 

established A549-MDR-shICAM3 cells and treated with DDP. We found that ICAM3 

deficiency reduced chemo-resistance of A549-MDR to DDP (Fig 7F, up) as well as 

increased the expression of cleaved caspase 3, decreased the expression of p-Src, p-PI3K, p-

AKT and OCT4 (Fig 7F, down, Fig S6G). Moreover, the in vivo results showed that ICAM3 

deficiency reduced chemo-resistance of A549-MDR to DDP finally induced smaller tumors 

developed (Fig 7G, 7H). These findings collectively indicated that inhibitors targeted 

ICAM3 mediated signaling pathways reduced chemo-resistance in vitro and in vivo.

3.9 Proposed model of ICAM3 in mediating inflammation and cancer stemness

When ICAM3 is over-expressed in cancer cells, ICAM3 binds and phosphorylates Src which 

then activates the PI3k-AKT-p50 pathway. Meanwhile, p50 feedbacks to maintain elevated 

ICAM3 expression levels which strongly suggests that ICMA3 mediates the cancer cell 

stemness especially enhancing chemo-resistance. Inhibitors targeted ICAM3 mediated 

signaling pathways suppressed cancer stemness as well as reduced chemo-resistance (Fig 

7I).

4. Discussion

We described a medium-throughput siRNA screening and identified 72 candidate genes that 

reproducibly decrease the expression of stemness factor OCT4. Among these 72 candidate 

genes, genes that control cancer cell stemness (including NF-κB1 [34], IL-1β [35], and 

CCR7 [36, 37]) and that scored significantly in the screen were selected, thereby 

demonstrating the effectiveness of the screen. However, genes that control pluripotency 

(including IL-6, and STAT3 [38]) did not score significantly in the screen possibly reflecting 

insufficient knockdown, redundancy, or that their role in CSC identity did not involve OCT4 

expression.

In addition, 10 of the 72 candidate genes showed a close association with cancer cell 

stemness using ALDH staining. In particular, ICAM3 showed a strong linkage to the 

development of cancers. Although previous studies from other labs have illustrated the basic 

function of ICAM3, little is known about their role in CSC identity. We found that ICAM3 
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expression levels correlate with the pathological grade of the human tumors which implies 

that these genes may be utilized for tumor diagnosis or as a therapy target.

We verified that ICAM3 facilitates various CSCs properties. However, in order to elucidate 

the mechanism by which ICAM3 facilitates various CSCs properties, the role of the PI3K 

pathway was specifically explored due to our previous bio-informatic analysis and previous 

reports. Our studies demonstrate that ICAM3 promotes PI3K-AKT activation to mediate 

cancer stemness, both potentially to mediate inflammation.

We also demonstrated that ICAM3 binds Src at its YLPL motif followed by Src 

phosphorylation which then activates downstream factors in the PI3K/AKT pathway. In this 

process, the tyrosine (Y) and the YLPL motif are both indispensable for Src binding and 

downstream signal activation. This particular motif is absent in the intracellular domain of 

other ICAMs which suggests a unique relationship between ICAM3 and Src.

NF-κB is a classic transcription factor that affects the expression of numerous target genes. 

Our studies conclusively show that ICAM3 facilitates NF-κB trans-nuclear location and 

activation. Interestingly, NF-κB targets the promoter region then promotes expression of the 

ICAM3 gene. This suggests that ICAM3 mediates a positive inflammation feedback loop to 

promote cancer stemness. More importantly, this provides proof for ‘inflammation 

promoting cancer stemness’.

Chemo-resistance is one of typical properties of CSCs, also is the major obstacles for 

successful cancer treatment. Cisplatin (DDP) is often used for lung cancer chemotherapy 

and DDP resistance is the common problem in clinical treatment. We demonstrated that 

ICAM3 expression enhanced DDP resistance of cancer cells. The inhibitors (Src/PI3K 

inhibitors) targeted ICAM3 mediated signaling pathway decreased ICAM3 expression as 

well as reduced DDP resistance. These finds provide new insights for cancer chemotherapy.

In this work, we identified the inflammation-related gene ICAM3 regulates cancer cell 

stemness in vitro and in vivo. Interestingly, ICAM3 recruits and binds Src at the YLPL motif 

of its intracellular domain which then activates PI3K-Akt phosphorylation cascades. In this 

regard, we explained the relationship between ICAM3 and PI3K-Akt that influences cancer 

cell stemness and focused mainly on ICAM3 and Src activation. We report that activated p-

AKT maintains cancer cell stemness by enhancing SOX2 and OCT4 activity. We suggest the 

mechanism involves p-AKT facilitation of NF-κB nuclear translocation and activation which 

increases ICAM3 expression by binding to the ICAM3 promoter region. We also verified 

that inhibitors (Src/PI3K inhibitors) targeted ICAM3 mediated signaling pathway decreased 

ICAM3 expression as well as reduced DDP resistance. These results provided a potential 

targets for cancer therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ICAM3, identified from RNAi library screen, was associated with tumor malignancy
(A) Schematic representation of the siRNA screen. (B) Summary of the results from the 

RNAi screen. Results from high-throughput RNAi screen are in red while follow up screens 

are in blue. (C) Up: representative IHC images of ICAM3 staining in multi-tissue array 

containing breast cancer, lung cancer, colon cancer, prostate cancer and corresponding 

normal tissues. Scar bar, 100 μm. Down: statistical analysis of the relationship of ICAM3 

expression with tissue status. (D) Statistical analysis of ICAM3 expression with cancer 

tissue pathological grades. The data were in the form of mean ± SEM, and statistical 
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significance was indicated as *p<0.05; **p<0.01, *** p<0.001 by student t test. (E) Western 

blot was performed to detect the expression of ICAM3 in normal breast (MCF-10A)/breast 

cancer, normal lung (MRC-5)/lung cancer, normal colon (NCM460)/colorectal cancer, 

normal liver (L02)/liver cancer cell lines.
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Figure 2. ICAM3 mediates the capacities of CSCs in vitro and in vivo
(A) Western blot to detect the expression of pluripotency factors OCT4, SOX2, NANOG and 

β-catenin in ICAM3 deficiency cells. (B) ALDH-ICAM3 double staining was performed to 

check ICAM3 expression in ALDH− or ALDH+ cells. In the left plot, we gated ALDH+ 

cells as well as the same percentage of ALDH- cells (like in 231 cell line, Q1=ALDH+, 

Q2=ALDH-, Q1=Q2=2.87%). The middle plot shows the histogram of ICAM3 expression 

in ALDH+ cells. The right plot shows the histogram of ICAM3 expression in ALDH− cells. 

(C) Side population assay shows silencing of ICAM3 in MDA-MB-231 and A549 cells 
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decrease SP cells proportion (upper panel). The typical flow images were exhibited 

correspondently (Lower panel). (D) Quantification of tumor sphere numbers derived from 

MDA-MB-231 and A549 cells transduced with sc or shICAM3 (upper panel). 

Representative images of tumor spheres were displayed (Lower panel). (E) Western blot was 

performed to check ICAM3 expression in non-SP or SP cells. (F) qPCR was performed to 

detect ICAM3 mRNA expression in non-sphere or sphere cells. (G) FACS was performed to 

detect cell resistance to cisplatin, the percentage of apoptotic cells (upper panel) and pictures 

(Lower panel) were shown. (H) Tumor growth curve of 231-sc or shICAM3 and several 

tumors separated from each group were shown, ICAM3-sh2 and sc were used to injection. 

(I) H&E staining was used to analysis lung metastasis. Representative images were shown. 

Scar bar, 100 μm. (J) Representative IHC images of SOX2 staining, OCT4 staining and 

ALDH1 staining were shown. Scar bar, 100 μm.
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Figure 3. ICAM3 facilitate pluripotency factors expression through interacting with Src kinase 
and activating PI3K-AKT pathway
(A) Western blot was used to confirm PI3K and AKT activation in ICAM3 deficient MDA-

MB-231 and A549 cells. (B) Sketch of the Src binding site in the intracellular domain of 

ICAM3, and the two mutation forms of ICAM3, the Delta21 is a defective form of ICAM3 

which lacks the area from the YXXL motif to the end amino acid. (C) Src activation was 

detected by western blot in ICAM3 deficient MDA-MB-231 and A549 cells. (D) & (E) IP-

immunoblot was performed to confirm ICAM3 and Src co-interaction. (F) Co-localization of 

ICAM3 and Src were examined in MDA-MB-231 and A549 cells by immunofluorescence 
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staining. Scale bar, 10um. (G) Western to detect the expression of ICAM3, p-Src, p-PI3K, p-

AKT, SOX2 and OCT4 in ICAM3 and two mutant expression cells. MCS (multiple cloning 

sites) was used as the empty vector control. (H) IP-immunoblot was performed in ICAM3 

and two mutation expression cells to check the expression level of Src/p-Src based on the 

same expression of ICAM3. (I) IP-immunoblot was performed to confirm p-AKT and SOX2 

co-interaction. (J) Dual-luciferase assay was performed to test OCT4 promoter activity of 

MDA-MB-231 and A549 expressed ICAM3 cells. The data was in the form of mean ± SEM, 

and statistical significance was indicated as *p<0.05; **p<0.01, *** p<0.001 by student t 
test.
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Figure 4. The ICAM3-Src-PI3K-AKT pathway enhances tumor malignance in vivo
(A) Tumor growth curve of A549-MCS, ICAM3, Mut1, Mut2 and several tumors separated 

from each group were shown. (B) Western blot analysis of tumor tissue lysates from mice of 

different treatment by ICAM3, p-Src, p-PI3K, p-AKT, SOX2 and OCT4 antibodies. (C) The 

images show IHC staining of ICAM3, p-Src, p-PI3K, p-AKT, SOX2 and OCT4 in paraffin-

embedded tumor tissue sections. Scale bar, 10um. (D) Data was presented as the mean

±SEM, n=5. (E) Representative immunofluorescence pictures of double staining of 

ICAM3/Src or ICAM3/OCT4 in frozen tissue sections. Scale bar, 10μm.
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Figure 5. Inhibitors targeted ICAM3 mediated signaling pathways suppressed cancer cell 
stemness in vitro and in vivo
(A) & (B) Cells expressed ICAM3 then treated with Src or PI3K inhibitor for 24h, western 

blot to detect the expression of ICAM3, p-Src, p-PI3K, p-AKT, SOX2 and OCT4. MCS was 

used as a control. The concentration of the Src inhibitor (13an) was 0.1uM, the 

concentration of the PI3K inhibitor (LY294002) was 10uM. (C) Tumor growth curve of 

DMSO, Srci, PI3Ki and several tumors separated from each group were shown. 

Significantly larger tumor in mice treated with Src or PI3K inhibitor versus DMSO control. 

(D) Western blot analysis of tumor tissue lysates from mice of different treatment by 

Shen et al. Page 24

Cancer Lett. Author manuscript; available in PMC 2018 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ICAM3, p-Src, p-PI3K, p-AKT, SOX2 and OCT4 antibodies. (E) The images show IHC 

staining of ICAM3, p-Src, p-PI3K, p-AKT, SOX2 and OCT4 in paraffin-embedded tumor 

tissue sections. Scale bar, 10um. (F) Data was presented as the mean±SEM, n=5. (G) 

Representative immunofluorescence pictures of double staining of ICAM3/OCT4 in frozen 

tissue sections. Scale bar, 10μm.
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Figure 6. ICAM3 promoting the p50 transcriptional activity to make a positive feedback via Src-
PI3K-AKT pathway in vitro and in vivo
(A) Western blot analyzed the expression of ICAM3 in MDA-MB-231 cells after treated 

with 5ug/ml LPS or 100U/ml IL-1 for 0, 0.5, 1, 2, 6, 24 hours. (B) Immunofluorescence 

staining of p50 in MDA-MB-231 and A549 cells after ICAM3 overexpression, MCS as the 

control. (C) Western blot analyze p50 expression in nuclear in MDA-MB-231 and A549 

cells expressed ICAM3 then treated with Src inhibitor or PI3K inhibitor. (D) Western blot 

analyze the expression of ICAM3, p-Src, p-PI3K, p-AKT and p50 in the nucleus in MDA-

MB-231 and A549 cells expressed ICAM3 then treated with NF-κB inhibitor, the 
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concentration of the NF-κB inhibitor (PDTC) was 10uM. (E) Western blot analysis of the 

endogenous expression of ICAM3, p-Src, p-PI3K, p-AKT and p50 in the nucleus of MDA-

MB-231 and A549 shICAM3 cells, sc cells and sc cells treated with NF-κB inhibitor. (F) 

CHIP was performed to analyze the p50-binding sites on ICAM3 gene promoter. (G) Dual-

luciferase assay was performed to detect ICAM3 promoter activity after p50 overexpression. 

The data was in the form of mean ± SEM, and statistical significance was indicated as 

*p<0.05; **p<0.01, *** p<0.001 by student t test. (H) Tumor growth curve of DMSO or 

NF-κBi and several tumors separated from each group were shown. (I-J) Western was 

performed to check ICAM3, p-Src, p-PI3K, p-AKT and p50 expression in different tumor 

tissues. (K) Representative images show IHC staining of ICAM3, p-Src, p-PI3K, p-AKT, 

p50 in paraffin-embedded tumor tissue sections. Scale bar, 10μm. (L) Data was presented as 

the mean±SEM, n=5. (M) Representative immunofluorescence photographs of double 

staining of ICAM3 and p50 in frozen tissue sections. Scale bar, 10μm.
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Figure 7. Inhibitors targeted ICAM3 mediated signaling pathways reduced chemo-resistance in 
vitro and in vivo
(A) Western blot analyzed the expression of ICAM3, MDR, p-Src, p-PI3K and OCT4 in 

A549-WT or MDR cells. (B) Statistical results of the percentage of apoptotic cells were 

shown, the concentration of the DDP was 20ug/ul. (C) The relative expression of cleaved 

caspase-3, ICAM3, MDR and OCT4 was shown. (D) Tumor growth curve of different 

groups and several tumors separated from each group were shown. (E) Representative 

images show IHC staining of ICAM3, MDR, p-Src, p-PI3K, OCT4 in paraffin-embedded 

tumor tissue sections. Scale bar, 10μm. (F) Data was presented as the mean±SEM, n=5. (G) 
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Statistical results of the percentage of apoptotic cells were shown (up), the relative 

expression of cleaved caspase-3 and ICAM3 related signal proteins was shown (down). (H) 

Tumor growth curve of different groups (A549-MDR-sc, sh1, sh2) and several tumors 

separated from each group were shown. (I) The schematic model of ICAM3 in mediating 

cancer stemness and inflammation.
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