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Abstract

CD9, a member of the tetraspanin superfamily, has been implicated in regulating various 

physiological processes, including cell motility, adhesion, apoptosis and metastasis. Recently, 

interleukin-16 (IL-16), a pro-inflammatory cytokine released by normal airway and alveolar 

epithelial cells, has been implicated as a possible ligand for CD9 as an alternative receptor. 

In this study, using A549 cells as a model of human alveolar epithelium, CD9 expression 

was ablated using CRISPR/Cas technology. Decreased expression of CD9 mRNA and protein 

levels was confirmed through RT-qPCR and flow cytometry, respectively. Individual clones 

were generated that expressed high levels of CD9 (wild-type, WT) or significantly less CD9 

(knockdown, KD). Both wild-type and knockdown A549 cell migration was quantified using a 

FluoroBloc transwell chemotaxis assay. Our results indicate that wild-type A549 cells migrated 

towards chemoattractants. Moreover, CD9 expression was required in this process since the CD9 

knockdown cells had a significantly reduced migration towards growth serum and IL-16. These 

results support the migratory properties for CD9 in human lung cells and support the hypothesis 

that CD9 serves as an alternative receptor for IL-16.
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1. Introduction

Interleukin 16 (IL-16) is a proinflammatory cytokine produced from peripheral blood 

mononuclear cells predominately T cells. IL-16 exists as both a pro-IL-16 protein with 

an N-terminal domain, and as a mature, C-terminal secreted protein. Secreted IL-16 is 

generated by a caspase-3-dependent cleavage of the precursor IL-16 protein. Secreted IL-16 

has diverse immunoregulatory functions including inducing cell migration and lymphocyte 

activation [11].

Many IL-16 effects including migration and cell activation are mediated by the CD4 

receptor. IL-16 was originally identified as a lymphocyte chemoattractant factor due to 

its migratory effects on CD4+ T cells [10]. Numerous cell types including mast cells, 

dendritic cells and epithelial cells express CD4 and, therefore, are responsive to this 
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potent chemoattractant. IL-16 can also activate T-lymphocytes and inhibit HIV replication 

through a mechanism that requires IL-16/CD4-dependent activation of p56lck [13]. In CD4+ 

macrophages, IL-16 can activate the stress-activated protein kinase pathway, and can lead 

to the phosphorylation of c-Jun and p38 MAPK (mitogen-activated protein kinase), without 

inducing MAPK-family members ERK-1 and ERK-2 [5].

Although CD4 is thought to be the primary receptor for IL-16-induced chemotaxis [2], other 

studies have identified CD9 as a possible alternative receptor [7,8,12]. Previous studies have 

demonstrated that CD4−/− cells are responsive to IL-16 in terms of cytokine production, 

migration, and neural outgrowth [7,3]. Transient siRNA knockdown studies of CD9 in 

HMC-1 cells inhibited IL-16 binding and reduced intracellular calcium release [8]. A549 

cells are known to express CD9 [6], but not CD4 [12], and are an excellent in vitro model 

in order to understand the inductive effects of IL-16 through CD9 receptor activation. The 

present study, using CRISPR/Cas technologies to genetically ablate the CD9 gene, provides 

clear support of CD9 as an alternate co-receptor for IL-16 and its migratory properties.

2. Materials and methods

2.1. Cell culture and reagents

A549 cells (human lung epithelial cell line) were purchased from the American Type 

Culture Collection (Manassas, VA). Cells were cultured at 37 °C in a 5% CO2 incubator 

in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) 

and antibiotics (Life Technologies, Grand Island, NY). The pSPCas9(BB)-2A-Puro (PX459) 

vector was obtained from Addgene (Cambridge, MA). Lipofectamine® 2000 and primer and 

probe sets were obtained from Life Technologies (Grand Island, NY). Anti-CD9, anti-CD4 

antibodies and recombinant human IL-16 were obtained from BD Biosciences (San Jose, 

CA).

2.2. CRISPR/Cas knockout and transfection

A549 cells were cultured overnight as described without antibiotics and transfected the 

next day according to the manufacturer’s instructions with 2000 ng of plasmid [9]. 

Twenty-four hours post-transfection, cells were passed at 1:20 into fresh growth medium 

containing puromycin (1.5 μg/ml) for selection. Individual clones were selected 14 days 

after transfection.

2.3. RT-qPCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen). Reverse transcription of RNA 

was performed using the Multiscribe RT Kit (Life Technologies). Gene expression was 

measured using Taqman on demand probe sets. Relative fold change was calculated using 

the following formulas: ΔCT = CT (Actin)–CT (target gene) and FC = 2
− ΔC

T2
− ΔC

T1 , in which 

ΔCT1 represents the lowest CT value among control samples and ΔCT2 represents the value 

of a particular sample as previously described [1]. Twelve independent knockdown clones 

were quantified for CD9 mRNA using two technical replicates for each experiment (n = 2). 
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Two independent CD9 knockdown clones were subsequently identified and used to quantify 

CD9 protein expression and chemotaxis.

2.4. Flow cytometry

CD9 and CD4 expression levels were quantified by standard flow cytometry. Briefly, cells 

were trypsinized, and 106 cells were blocked in 2% FBS with 0.1% sodium azide. Cells 

were stained with 5 μL of anti-human CD9 or anti-human CD4 antibody for 30 min. 

Fluorescence was quantified though a BD Accuri C6 Flow cytometer. Two independent 

knockout clones were quantified for membrane bound CD9 using three technical replicates 

for each experiment (n = 3).

2.5. Immunoblot analysis

Wild-type (WT) and knockdown (KD) CD9 cells were seeded into 6-well plates and starved 

for 24 h in 1% FBS/DMEM. Cells were then stimulated with 2.5 μg/ml IL-16 for 5, 15, 

30, 60 and 120 min or 10 ng/ml IL-1β for 10 min as a positive control. Cell extracts were 

isolated using RIPA buffer followed by sonication. Proteins were resolved on SDS–PAGE 

gels and transferred onto PVDF membranes. Immunoblots were probed with either an 

anti-phospho-p38, an anti-phospho-SAPK/JNK, an anti-SAPK/JNK, or an anti-p38 rabbit 

polyclonal antibody (Cell Signaling Technology, Danvers, MA). Blots were probed with a 

goat anti-rabbit IgG HRP conjugated secondary (Santa Cruz Biotechnology, Santa Cruz, 

CA) and binding was visualized through chemiluminescence. An increased signal for p38 

or JNK (phosphorylated or total) was defined as the ratio of p38 or JNK over Actin that 

had a ratio greater than two standard deviations above the unstimulated, negative control 

(i.e. background levels). Densitometry was quantified through Image J software (NIH). Two 

independent biological replicates were performed using two technical replicates for each 

experiment (n = 2).

2.6. Chemotaxis assay

Chemotaxis was quantified fluorescently using BD Falcon FluoroBlok 24-Multiwell Insert 

Plate with an 8.0-μm pore size and Calcien AM. Two independent KD clones were selected 

for migration analysis. Briefly, A549 cells were suspended in the apical chambers and 

chemoattractant (FBS or IL-16) was added to the basal chambers. Following overnight 

incubation, transwells were stained in a second 24-well plate containing 500 μL/well of 4 

μg/mL Calcein AM in HBSS and incubated for 1 h at 37 °C. Fluorescence of invaded cells 

was read at wavelengths of 494/517 nm (Ex/Em) on a Tecan bottom-reading fluorescent 

plate reader. Percent migration was calculated as RFU (background corrected value) – RFU 

of negative control/RFU of negative control. Three independent biological replicates were 

performed using two or more technical replicates for each experiment (n = 2–5)

2.7. Statistical analysis

Data are presented as mean ± SEM. Analyses were done using GraphPad Prism 6.0 (San 

Diego, CA). A two-way ANOVA was used to compare four experimental groups (DMEM, 

10% FBS, PBS and IL-16 as chemoattractants) with two independent variables (WT and KD 
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cells). A t-test was used to compare two groups (WT and KD cells) with one independent 

variable (IL-16). Significance was noted at P < 0.05.

3. Results/discussion

3.1. CD9 expression

A549 cells expressed high levels of CD9 mRNA and protein (Fig. 1B, G and H). A549 cells 

did not express CD4 (Fig. 1D, E and F) as previously described [12]. In order to genetically 

delete CD9 in A549 cells, guide RNAs were engineered targeting either the first or second 

exon of the CD9 gene, ligated into the pSPCas9(BB)-2A-Puro vector, and transfected as 

previously described [9]. For wild-type A549 cells, real-time PCR amplification of CD9 

mRNA was measured at approximately threshold cycle (CT) 24. In contrast, in putative 

CD9 knockdown cells (two independent clones) expression of CD9 mRNA was nearly 

undetectable (CT = 38). In addition, approximately 75% of wild-type A549 cells expressed 

CD9, whereas after genetic deletion less than 3% of A549 cells expressed CD9 on the cell 

surface (Fig. 1. These data indicated that CD9 had been successfully deleted from A549 

cells using CRIPSR/Cas gene editing.

3.2. Cell activation

To determine whether IL-16 could activate A549 cells in the presence or absence of CD9, 

WT and KD cells were stimulated with either IL-1β for 10 min or IL-16 for up to two hours. 

IL-1β has been shown to lead to the phosphorylation of p-38 and JNK in human A549 cells 

[4]. No phosphorylated p-38 or p-JNK was detected with IL-16 stimulation; however, IL-1β 
was able to phosphorylate p-38 and p-JNK (Fig. 2A). Moreover, the levels of total p-38 

and JNK were not different between the WT and KD cells and did not change with IL-16 

stimulation. These data indicate that acute IL-16 stimulation does not lead to the activation 

of a stress response in A549 cells.

3.3. Migration

Chemotaxis was quantified in both WT and KD cells in the presence of IL-16 or 10% FBS. 

Migration was quantified through a fluorescent migration assay using FluoroBlok transwells 

as described in the Materials and Methods. Both WT and KD cells significantly increased 

the percent of migrating cells in response to FBS compared to unstimulated controls 

(Fig. 2B and C). However, there was a significant difference in the percent of migrating 

cells between the WT and KD cells in response to 10% FBS. Without CD9 expression, 

knockdown cells had a significant decrease in migration compared to the wild-type (29% 

compared to 15% migration) in response to FBS. In addition, in the presence of IL-16 (5 

μg/ml), wild-type cells had a significant increase in migration compared to the KD cells 

(2.8% compared to 0.2% migration). These data strongly support the necessary role of CD9 

in cell migration and the hypothesis that IL-16 is a chemoattractant that can bind CD9 

leading to actin reorganization and cell migration.
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4. Conclusions

The present study confirms the role of CD9 in cell migration and supports the hypothesis 

that CD9 is an alternative receptor for IL-16. Our results demonstrate that CD9 is required 

in cell migration specifically towards IL-16 and this cellular effect is not mediated by either 

p-38 or p-JNK.
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Fig. 1. 
Characterization of CRISPR/Cas CD9 deletion clones. (A–C) Representative histograms 

of the WT and KD cells unstained or stained with an anti-human CD9 antibody. (D–F) 

Representative histograms of the WT and KD cells unstained or stained with an anti-human 

CD4 antibody. (G) Representative quantitative mRNA levels of knockout clones were 

compared to the parental A549 cells, which is indicated as an expression level of 0.1 mRNA 

expression levels of CD9 and Actin were quantified through RT-qPCR. Data presented are 

mean relative fold change ± SEM (n = 3). Asterisks indicate a significant difference between 

wild-type cells and knockdown cells (P < 0.05). (H and I) CD9 protein expression of CD9 

knockdown clones. Cells were stained with an anti-CD9 antibody and the percent of cells 

that were CD9 positive (cells within the M1 gate) and the MFI of the gated M1 cells were 

quantified through flow cytometry. (J) MFI of all WT and KD cells quantified through flow 

cytometry. Data presented are mean relative fold change ± SEM (n = 3). Asterisks indicate a 

significant difference between wild-type cells and knockdown cells (P < 0.05).
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Fig. 2. 
Cell activation and migration in the presence of IL-16. (A) Representative western blots 

from wild-type cells, which were incubated in the presence of IL-16 or IL-1β (positive 

control) and then probed for phosphorylated JNK and p38, total JNK and p38, and Actin. 

(B) Wild-type and knockout cells (5*106 cells/transwell) were incubated in the apical 

chamber and chemoattractants were added to the basal chambers for 20 h. Cells were stained 

4 μg/mL Calcein AM and incubated for 1 h at 37 °C, 5% CO2. Fluorescence was read at 

wavelengths of 494/517 nm (Ex/Em). Data presented are mean relative fold change ± SEM 

(n = 5–9). (C) To ensure that fluorescence was correlated with the number of migrating 

cells, images from each transwells were obtained through fluorescence microscopy. Asterisk 

indicate a significant difference between control cells and cells exposed to 10% FBS 

(positive control) (P < 0.05). Daggers indicate a significant difference between wild-type 

cells and knockdown cells exposed to 10% FBS or IL-16 (P < 0.05).
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