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Abstract

Cell migration is a critical mechanism controlling tissue morphogenesis, epithelial wound healing 

and tumor metastasis. Migrating cells depend on orchestrated remodeling of the plasma membrane 

and the underlying actin cytoskeleton, which is regulated by the spectrin-adducin-based membrane 

skeleton. Expression of adducins is altered during tumorigenesis, however, their involvement in 

metastatic dissemination of tumor cells remains poorly characterized. This study investigated the 

roles of α-adducin (ADD1) and γ-adducin (ADD3) in regulating migration and invasion of non-

small cell lung cancer (NSCLC) cells. ADD1 was mislocalized, whereas ADD3 was markedly 

downregulated in NSCLC cells with the invasive mesenchymal phenotype. CRISPR/Cas9-

mediated knockout of ADD1 and ADD3 in epithelial-type NSCLC and normal bronchial epithelial 

cells promoted their Boyden chamber migration and Matrigel invasion. Furthermore, 

overexpression of ADD1, but not ADD3, in mesenchymal-type NSCLC cells decreased cell 

migration and invasion. ADD 1-overexpressing NSCLC cells demonstrated increased adhesion to 

the extracellular matrix (ECM), accompanied by enhanced assembly of focal adhesions and 

hyperphosphorylation of Src and paxillin. The increased adhesiveness and decreased motility of 

ADD 1-overexpressing cells were reversed by siRNA-mediated knockdown of Src. By contrast, 

the accelerated migration of ADD1 and ADD3-depleted NSCLC cells was ECM adhesion-

independent and was driven by the upregulated expression of pro-motile cadherin-11. Overall, our 

findings reveal a novel function of adducins as negative regulators of NSCLC cell migration and 

invasion, which could be essential for limiting lung cancer progression and metastasis.
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1. INTRODUCTION

Cell migration is a critical mechanism that mediates plasticity of epithelial layers under 

normal conditions and in the disease state. For example, in the developing embryo and self-

rejuvenating adult tissues, the coordinated migration of cells of different lineages plays key 

roles in the cell patterning, establishment of tissue boundaries and organ morphogenesis [1, 

2]. Furthermore, cell migration is essential for repairing epithelial layers damaged by 

environmental and inflammatory factors [3, 4]. However, a dark side of epithelial cell 

motility is well recognized during tumorigenesis, where accelerated migration of cancer 

cells drives tumor dissemination and metastasis [5, 6].

Cell motility is accompanied by the dramatic remodeling of the cellular cortex, driven by the 

extension of plasma membrane protrusions at the migrating leading edge and membrane 

retraction at the trailing cell edge [7, 8]. The forces that enable such remodeling are 

generated by the cortical actomyosin cytoskeleton. Indeed, the formation of the membrane 

protrusions is known to be driven by the actin polymerization motor, whereas membrane 

retraction is mediated by the contractile activity of the non-muscle myosin II (NM II) motor 

[9, 10]. The efficient transduction of pushing and pulling forces from the actomyosin 

cytoskeleton to the plasma membrane requires physical interactions between the membrane 

and the underlying actin filaments [11, 12]. Therefore, the molecular complexes that mediate 

such interactions could serve as essential regulators of cell motility [13]. Although several 

mechanisms are known to connect plasma membrane to the actin cytoskeleton, the most 

common involves the spectrin-ankyrin-adducin membrane skeleton [14–16]. A core 

component of this membrane skeleton is a polymeric lattice composed of spectrin oligomers 

that lines the inner side of the plasma membrane. This spectrin lattice is linked to both 

transmembrane proteins and actin filaments, thereby servings as an essential interphase 

between the membrane and the actin cytoskeleton [14–16].

Adducins are important components of the spectrin-based membrane skeleton. They bind 

both spectrin oligomers and actin filaments, thereby promoting and stabilizing association of 

these cellular structures [17, 18], Furthermore, adducins could interact with the actin 

cytoskeleton in spectrin-independent fashion, by capping and bundling actin filaments [18–

21], The adducin family is composed of three closely related members, α-adducin (ADD1), 

β-adducin (ADD2) and γ-adducin (ADD3) [22, 23], ADD1 and ADD3 are ubiquitously 

expressed in different mammalian tissues, whereas expression of ADD2 is limited to the 

brain and the hematopoietic system [24, 25], All three adducins have a similar molecular 

organization, which is characterized by a globular head domain at the N-terminus, a neck 

domain, and a tail domain at the C-terminus of the molecule [20, 24, 25], The neck and head 

domains possess oligomerization sites that facilitate formation of adducin heterodimers and 

heterotetramers [22, 23], The C-terminal tail mediates adducin interactions with main 

binding partners such as actin filaments, spectrins and transmembrane proteins [22, 23], It 

also contains a highly-conserved 22-residue MARCKS-related motif with phosphorylation 

sites for protein kinase A (PKA) and protein kinase C (PKC) [20, 22, 23], Phosphorylation 

of these MARCKS motifs was shown to disrupt interactions between adducins and both 

actin filaments and spectrin oligomers [20, 26–28].
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Due to their involvement in the assembly of the cortical actin cytoskeleton and the spectrin-

based membrane skeleton, adducins have multiple functional roles in different eukaryotic 

cells. For example, in epithelial cells, ADD1 and ADD3 control the formation of the lateral 

plasma membrane domain and regulate the dynamics of intercellular junctions [29–33], In 

neural tissue, adducins regulate synaptic plasticity and synaptic contacts [34, 35] and play a 

role in neuronal morphology [36].

Surprisingly, little is known about the roles and mechanisms of adducin-dependent 

regulation of cell motility. Several previous studies that focused on the roles of ADD1 in the 

migration of normal epithelial cells and cancer cells yielded controversial results with some 

studies describing ADD1 as a positive regulator [27, 37], while other suggesting it as a 

negative regulator of cell motility [38, 39]. The reason for this discrepancy is not clear. 

Importantly, the involvement of ADD3 in cell migration and invasion have not been 

previously investigated. Since expression and activity of adducins is altered in different 

tumors [40] it is essential to understand how these membrane skeleton proteins regulate 

migration and invasion of cancer cells and contribute to tumor metastasis.

The overall goal of this study was to understand the roles of adducins in the regulation of 

non-small cell lung cancer (NSCLC) cell motility in vitro. Clinical evidence suggests altered 

adducin expression and activity in lung cancer cells. A recent study demonstrated that 

oncogenic transcription factor ZNF322A upregulated ADD1 expression in a subset of 

NSCLC patients and connected this event to tumor growth and metastasis [37]. Another 

study documented hepatocyte growth factor-dependent phosphorylation of ADD1 and 

ADD3 in small cell lung cancer cells, which may promote lung cancer cell invasion [41]. 

Interestingly, accumulation of an alternative spliced, long isoform of ADD3 has been 

reported in NSCLC, although the functional significance of such tumor-related alternative 

splicing remains elusive [42]. Finally, loss of ADD1 was shown to impair the establishment 

of the basolateral plasma membrane in normal lung epithelial cells [29], which may affect 

cell surface expression of adhesion proteins and chemotactic receptors. In the present study, 

we found that adducins serve as negative regulators of NSCLC cell motility, acting via 

different mechanisms that involve modulation of cell-matrix adhesion and cellular level of 

cadherin-11.

2. MATERIALS AND METHODS

2.1 Human gene expression analysis

Gene expression profiles for human lung cancer samples were generated by The Cancer 

Genome Atlas (TCGA). We utilized the RSEM-quantified RNA-seq data for lung 

adenocarcinoma (LUAD) patients made available by the Broad GDAC Firehose repository 

(http://gdac.broadinstitute.org). This dataset includes 576 samples (515 primary solid 

tumors; 59 normal lung tissue). In order to determine whether ADD1 or ADD3 are 

differentially expressed between tumor and normal tissues we removed 58 cases with paired 

controls to create independent groups and performed a Wilcoxon rank sum test on the +1-

shifted log2 values.
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2.2 Antibodies and other reagents

The following monoclonal (mAb) and polyclonal (pAb) antibodies were used to detect 

cytoskeletal, focal adhesion and other proteins: anti-ADD1 pAb and ADD3 mAb (Santa 

Cruz Biotechnology, Dallas, TX); anti-FAK, paxillin, E-cadherin and vimentin mAbs (BD 

Biosciences, San Jose, CA); anti p-FAK, FLAG, p-paxillin, Src, p-Src, cadherin-11 and 

GAPDH pAbs (Cell Signaling, Beverly, MA); anti-N-cadherin pAb (Abcam, Cambridge, 

MA); anti-P-cadherin mAb (Millipore, Billerica, MA). Alexa Fluor-488-conjugated donkey 

anti-rabbit, Alexa Fluor-555-conjugated donkey anti-mouse secondary antibodies, and Alexa 

Fluor-488 or Alexa Fluor-555-labeled phalloidin were obtained from Thermo-Fisher 

Scientific (Waltham, MA). Horseradish peroxidase-conjugated goat anti-rabbit and anti-

mouse secondary antibodies were obtained from Bio-Rad Laboratories. A functional 

inhibitory goat anti-human cadherin-11 antibody was obtained from R&D Systems 

(Minneapolis, MN) and control goat IgG was purchased from Jackson Immunoresearch 

Laboratories (West Grove, PA).

2.3 Cell Culture

Non-transformed and transformed HBEC3-KT and HBEC3-KTRL53Myc human bronchial 

epithelial cells were obtained from Dr. John D. Minna, The University of Texas 

Southwestern Medical Center. NCI-H1573, HCC4019, NCI-H1299, NCI-H2030, NCI-

H1703 and NCI-H23 lung cancer cell lines were provided by Dr. Samir Hanash, The 

University of Texas MD Anderson Cancer Center, whereas 16HBE14o bronchial epithelial 

cells were provided by Dr. Dieter Gruenert, University of California San Francisco. NCI-

H441 lung cancer cells were purchased from the American Type Culture Collection. 

16HBE14o cells were cultured in MEM medium (Thermo-Fisher) supplemented with 10% 

fetal bovine serum (FBS), HEPES, penicillin and streptomycin. H441 cells were cultured in 

RPMI medium (Thermo-Fisher) supplemented with 5% FBS, dexamethasone (250 μg/ml, 

Sigma-Aldrich), insulin-transferrin-sodium selenite (Thermo-Fisher), penicillin and 

streptomycin. H1573, HCC4019, H1299, H2030, H1703 and H23 cells were cultured in 

RPMI medium supplemented with 10% FBS, HEPES, sodium pyruvate and antibiotics. 

HBEC3-KT and HBEC3-KTRL53Myc cells were cultured in Keratinocyte serum-free 

medium (Thermo-Fisher) without antibiotics. The cells were seeded on collagen-coated 

coverslips for immunolabeling experiments and on 6-well plastic plates for the functional 

and biochemical studies.

2.4 CRISPR-Cas9 mediated knockout of ADD1 and ADD3

A stable knockout of ADD1 or ADD3 in H1573 and 16HBE14o cells was carried out using 

a CRISPR-Cas9 technology. The guide oligonucleotide sequences used for knocking out 

ADD1 and ADD3 are shown in the Supplemental Table 1. The guide oligonucleotides were 

phosphorylated, annealed and cloned into the BsmBI site of a lentiCRISPR v2 vector 

(Addgene, 52961) according to a published protocol [43, 44], Obtained constructs were 

verified with sequencing. Transfer plasmids possessing annealed guide oligonucleotides 

were transformed into recombination-deficient Stbl3 bacteria and amplified plasmids were 

isolated from the bacteria using Qiagen midi prep plasmid isolation kit. Lentiviruses were 

produced by transfecting HEK-293T cells with the transfer lentiCRISPR v2 plasmids and 
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packaging plasmids pLTR-G (Addgene, 17532) and pCD/NL-BH*DDD (Addgene, 17531). 

Viral supernatants were collected 48 and 72 h after transfection and used to infect H1573 

and 16HBE14o cells. After 24 h of the infection, the lentivirus-containing medium were 

replaced with fresh cell culture medium containing puromycin (2 μg/ml for H1573 cells and 

10 μg/ml forl6HBE14o cells) and puromycin-resistant cells were collected after 7 day 

selection.

2.5 Generation of adducin-overexpressing lung cancer cells

H1299 cell lines with stable overexpression of either ADD1, or ADD3 were generated using 

a lentiviral expression system. An expression pLKO. AS2.neomycin vector encoding FLAG-

tagged wild-type ADD1 was obtained from Dr. Hong-Chen Chen, National Chung Hsing 

University, Taiwan [45], A cDNA encoding human ADD3 (clone BC062559 in the pOTB7 

vector) was obtained from Transomic Technologies (Huntsville, AL) and the ADD3 insert 

was cloned into the pLKO.AS2.neo vector. All obtained constructs were verified by 

sequencing. H1299 cells grown till 70% confluency were infected with the lentiviral 

particle-containing supernatants. After 24 h infection, the medium was replaced with fresh 

cell culture medium containing 500 μ/ml neomycin and neomycin-resistant cells were 

selected for 7 days.

2.6 Cell fractionation and immunoblotting analysis

The nuclear and the cytoplasmic fractions of NSCLC cells were prepared using a NE-PER 

Nuclear Cytoplasmic Extraction Reagent kit (Thermo Fisher) according to manufacturer’s 

instructions. To prepare total cell lysates, cells were homogenized using a Dounce 

homogenizer in RIP A buffer (20 mM Tris, 50 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% 

sodium deoxycholate, 1% Triton X-100 (TX-100), and 0.1% SDS, pH 7.4) containing 

protease inhibitor cocktail and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich). The 

obtained total cell lysates were cleared by centrifugation (20 min at 14,000 × g), diluted with 

2× SDS sample loading buffer and boiled. SDS-polyacrylamide gel electrophoresis was 

conducted using a standard protocol with equal amounts of total protein (10 or 20 μg) loaded 

per each lane. The separated proteins were transferred to nitrocellulose membranes, the 

membranes were blocked with either 5% non-fat milk for general protein detection, or with 

3% bovine serum albumin (BSA) to detect phosphorylated proteins. The blocked 

membranes were incubated overnight with primary antibodies, exposed to HRP-conjugated 

secondary antibodies for 1 h, and the labeled proteins were visualized using a standard 

enhanced chemoluminescence solution and X-ray films.

2.7 Scratch wound assay

Confluent cell monolayers were mechanically wounded by making a thin scratch wound 

with a 200 μl pipette tip. The bottom of the well was marked to define the position of the 

wound and the monolayers were supplied with fresh cell culture medium. The images of a 

cell-free area at the marked region were acquired at the indicated times after wounding using 

an inverted bright field microscope equipped with a camera. The percentage of wound 

closure was calculated using an Image J software (NIH, Bethesda, MD).
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2.8 Boyden chamber migration assay

Boyden chamber migration assay was performed using Transwell® 6. 5 mm membrane 

inserts with 8.0 μm pores (Coming Incorporated). The membrane inserts were coated with 

15 μg/cm2of collagen I. Cells were detached from the plate using a TrypLE Express solution 

(Thermo-Fisher), resuspended in serum-free medium, and added to the Transwell upper 

chamber at the density of 6,000 cells per chamber. A complete cell culture medium 

containing 10% FBS as a chemoattractant was added to the lower chamber and cells were 

allowed to migrate for either 12 h, or 16 h at 37°C. Membrane inserts were fixed with 

methanol and non-migrated cells were removed from the top of the filter using a cotton 

swab. The cells remained at the bottom of the filter or within the membrane were labeled 

with DAPI nuclear stain, visualized by a fluorescence microscope and counted by using the 

Image J software.

2.9 Matrigel invasion assay

The Matrigel invasion assay was performed using commercially available BD Biocoat 

invasion chambers (BD Biosciences). Cells were detached, resuspended in serum-free 

medium, and added to the upper part of the invasion chamber at the density of 10,000 cells 

per chamber. A complete cell culture medium containing 10% FBS as a chemoattractant was 

added to the lower chamber and cells were allowed to invade Matrigel for 24 h at 37°C. The 

Matrigel plugs were washed with HBSS, fixed with methanol and non-migrated cells were 

removed from the top of the gel using cotton swabs. The invaded cells were stained with 

DAPI, visualized by a fluorescence microscope and counted by using the Image J program.

2.10 Immunofluorescence labeling and confocal microscopy

Cells cultured on collagen-coated coverslips were fixed with 4% PFA for 20 min at room 

temperature and permeabilized with 0.5% Triton X-100 for 5 min. Fixed and permeabilized 

cells were blocked with Hank’s Balanced Salt Saline (HBSS) containing 1% BSA for 1 h at 

room temperature, followed by sequential 1 h incubations with primary antibodies and 

Alexa Fluor-conjugated secondary antibodies diluted in the blocking solution. The 

immunolabeled coverslips were mounted using the ProLong® Gold Antifade reagent 

(Thermo-Fisher). Fluorescently labeled cell monolayers were examined using either a Zeiss 

LSM700 laser-scanning confocal microscope (Zeiss Microimaging, Thornwood, NY), or 

Leica SP8 confocal microscope (Wentzler, Germany). The images were processed using Zen 

Lite software (Carl Zeiss Microscopy LLC) and Adobe Photoshop.

2.11 Extracellular matrix adhesion assay

Cells were detached from the plate, counted with a hemocytometer, and resuspended in the 

complete medium. 10,000 cells were seeded to each well of a 24 well plate coated with 

either collagen I, or fibronectin and were allowed to adhere for 30 min at 37 °C. After 

incubation, unattached cells were aspirated and the wells were gently washed with HBSS 

buffer. The attached cells were fixed with methanol and stained using a DIFF stain kit 

(IMEB Inc., San Marcos, CA). Images of adherent cells were captured using a bright-field 

microscope and the number of adhered cells was determined using Image J software.

Lechuga et al. Page 6

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.12 Cell proliferation assay

Cell proliferation was examined by the MTT assay involving the conversion of the water-

soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) into insoluble 

formazan. Cells were cultured on 98 well plates, and at different times post-plating, their 

medium was replaced with 100 μL of fresh culture medium containing 50 μg/ml of MTT. 

MTT added to 100 μL of medium alone was included as a negative control. Cells were 

incubated at 37°C for 4 h and the generated formazan was dissolved by adding 50 μL of 

DMSO with 10 min incubation at 37°C. The absorbance of formazan solution was measured 

using a standard plate reader at 540 nm.

2.13 RNA interference

siRNA-mediated knockdown of Src was performed by using a specific Dharmacon siRNA 

Smartpool (Thermo-Fisher) with non-targeting siRNA number 2 served as a control. 

Cadherin-11 was depleted by using individual siRNA duplexes and a negative siRNA control 

obtained from Qiagen. Cells were transfected using DharmaFECT 1 transfection reagent in 

Opti-MEM I medium (Thermo-Fisher) with final siRNA concentration for each target at 50 

nM. Cells were used in experiments on days 3 and 4 posttransfection.

2.14 Statistical analysis:

All data are expressed as means ± standard error (SE) from three biological replicates. 

Statistical analysis was performed by using a one-way ANOVA to compare the control and 

two experimental groups (knockout with two different adducin sgRNAs). A post-hoc t-test 

was used to compare controls with each adducin-depleted group. A two-tailed Student t-test 

was used to compare the results obtained with two experimental groups (control and 

adducin-overexpressing cells). We accounted for multiple comparisons by adjusting the 

significance level using a Bonferroni Correction. P values < 0.05 were considered 

statistically significant.

3 RESULTS

3.1 Adducins are either downregulated or mislocalized in mesenchymal-type lung cancer 
cells

Despite early in vitro and animal model studies suggesting association of tumor progression 

with altered levels and localization of ADD1 and ADD3 [28, 46], little is known about 

expression of adducins in human cancers. Therefore, we used the TCGA database to 

examine expression of ADD1 and ADD3 in clinical samples of patients with NSCLC. 

Figure 1A demonstrates that mRNA levels were significantly lower in lung adenocarcinoma 

compared to normal lung tissue for both ADD1 (p < 10 −15) and ADD3 (p < 10 −5). Such 

expressional downregulation was especially vivid for ADD1. NSCLC is characterized by 

significant phenotypic heterogeneity, which can be grouped into three broad categories: 

epithelial, mesenchymal and epithelial-mesenchymal hybrid [47], The former category 

includes cells that preserve characteristics of well-differentiated normal pulmonary 

epithelium such as high E-cadherin expression, assembly of robust intercellular junctions 

and poor invasiveness. By contrast, mesenchymal-type NSCLC cells lost cell-cell contacts 
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and acquired high invasiveness [47], Therefore, we next sought to compare expression and 

localization of adducins in a panel of NSCLC cells with either the epithelial (H441, H1573, 

HCC4019) or the mesenchymal (H1299, H2030, H1703, H23) phenotypes. The epithelial 

panel also included non-transformed 16HBE14o human bronchial epithelial cells [48], The 

epithelial and the mesenchymal phenotypes of these cells was confirmed by observing 

expression of either E-cadherin or vimentin, respectively (Fig. 1B). Immunoblotting analysis 

demonstrated that expression of ADD1 protein did not depend on cell phenotype, whereas 

the level of ADD3 protein was dramatically decreased in mesenchymal-type NSCLC cells 

(Fig. 1B). We also compared expression of adducins in the cell pair consisting of 

immortalized, non-transformed human bronchial epithelial cells, HBEC3-KT, and F1BEC3-

KTRL53M cells fully transformed by p53 knockdown and overexpression of KRAS G12V 

and c-Myc [49], Transformation of HBEC cells caused a robust epithelial-to-mesenchymal 

transition that was accompanied by a selective downregulation of ADD3 expression (Suppl. 

Fig. 1 A).

Next, we used immunofluorescence labeling and confocal microscopy to examine the 

localization of adducins in NSCLC cells. In agreement with previously published data [29, 

31], both ADD1 and ADD3 predominantly localized to the lateral plasma membrane of 

confluent non-transformed lung epithelial cells and epithelial-type NSCLC cells (Fig. 1C & 

Suppl. Fig. 1B, arrows). By contrast, ADD1 was redistributed from the plasma membrane-

associated pool into the cytoplasmic and nuclear pools in mesenchymal-type NSCLC cells 

and HBEC3-KTRL53M cells (Fig. 1C & Suppl. Fig. 1B, arrowheads). Consistent with our 

immunoblotting results, the intensity of ADD3 labeling was dramatically decreased in the 

mesenchymal-type NSCLC cells (Fig. 1C & Suppl. Fig. 1B). Together, these data indicate 

that epithelial-to-mesenchymal transition, which is characteristic of lung cancer progression, 

is accompanied by either down-regulation (ADD3) or mislocalization (ADD1) of adducins.

3.2 Downregulation of ADD1 and ADD3 enhances individual migration of NSCLC cells

To investigate the roles of adducins in the regulation of lung cancer cell motility, we deleted 

either ADD1 or ADD3 in epithelial-type H1573 and 16HBE14o cells by using CRISPR/

Cas9-mediated gene editing. Cells were transfected with either non-targeted guide RNA or 

four different small guide (sg) RNA oligonucleotides against each adducin isoform (ADD1 

or ADD3), and stable knockout cell lines were obtained by puromycin treatment. This 

approach resulted in variable levels of adducin depletion (Fig. 2A, Fig. 3A, Suppl. Figs. 2 & 

3). Two H1573 cell lines with the most efficient knockout of ADD1 (transfected with 

sgRNAs 2 and 3) and two stable cell lines with deepest ADD3 depletion (created by 

sgRNAs 4 and 5) were used for subsequent functional experiments. It is noteworthy that loss 

of ADD1 markedly decreased ADD3 protein level, and vice versa (Figs. 2 & 3; Suppl. Figs. 

2 & 3). This phenomenon was previously described in adducin-depleted colonic epithelial 

cells [31] and tissues of either ADD1 or ADD3 null mice [50, 51] and could be due to 

stabilizing effects of the ADD1/ADD3 hetero-oligomerization, protecting these proteins 

from proteolytic degradation. Therefore, the outcome of either ADD 1 or ADD3 knockout in 

bronchial epithelial and lung cancer cells was a dual ADD1/ADD3 depletion.
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The roles of adducins in regulating NSCLC cell motility were determined by examining 

three different modes of cell migration: collective cell migration during scratch wound 

closure, chemotactic transfilter migration of individual cells in the Boyden chamber, and cell 

invasion into Matrigel. Loss of ADD1 in H1573 cells had no effect on wound closure (Fig. 

2B), but significantly accelerated transfilter migration and Matrigel invasion of these cells 

(Fig. 2C-F). Likewise, ADD3 knockout accelerated individual migration and invasion of 

NSCLC cells without affecting their wound closure (Fig. 3). Consistently, knockout of 

ADD1 and ADD3 accelerated transfilter migration, but not wound healing of non-

tumorigenic 16HBE14o cells (Suppl. Figs. 2 & 3).

3.3 Overexpression of ADD1 inhibits migration and invasion of mesenchymal NSCLC 
cells

Next, a gain-of-function approach was used to collaborate the results obtained with adducins 

knockout in lung epithelial cells. H1299 cells, a known mesenchymal-type NSCLC cell line 

was chosen for stable overexpression of either FLAG-tagged ADD1, ADD3, or a control 

plasmid. Immunoblotting analysis demonstrated successful overexpression of either adducin 

isoform (Fig. 4A). Interestingly, while ADD3 overexpression also caused an approximately 

3-fold increase in ADD1 level, the level of endogenous ADD3 was just marginally (~ 1.5 

fold) increased in ADD1-overexpressing H1299 cells (Fig. 4A). This suggests that other 

mechanisms besides decreased protein stability could be responsible for low ADD3 

expression in mesenchymal NSCLC cells. ADD1 overexpression significantly inhibited 

wound closure (Fig. 4B), transfilter migration (Fig. 4C, D) and Matrigel invasion (Fig. 4E, 

F) of H1299 cells. By contrast, ADD3 overexpression did not affect any of the examined 

modes of NSCLC cell migration (Fig. 4). Since both ADD1 and ADD3 knockouts decreased 

ADD1 expression and ADD1, but not ADD3 overexpression markedly elevated ADD1 level, 

results of our experiments suggest that ADD1 played a major role in suppressing migration 

and invasion of NSCLC cells.

3. 4 Overexpression of ADD1 increases ECM adhesion and stimulates focal adhesion 
assembly

The next series of experiments were designed to elucidate molecular mechanisms that 

underline the anti-migratory function of ADD1 in NSCLC cells. Since ADD1 was 

previously implicated in the control of mitosis [30, 45], we examined the possibility that 

adducins regulate cell migration indirectly, by altering cell proliferation. However, MTT 

assay of either ADD1- and ADD3-depleted, or ADD 1-overexpressing cells and their 

appropriate controls did not show significant effects of adducins on NSCLC cell 

proliferation (Suppl. Fig. 4). Adhesion to the ECM is known to be essential for individual 

and collective epithelial cell migration. Therefore, we asked if this process is affected by 

altered ADD1 expression. Overexpression of ADD1 caused an almost two-fold increase in 

H1299 cell adhesion to collagen I (Fig. 5A, B), and fibronectin (data not shown). By 

contrast, knockout of ADD1 and ADD3 did not change collagen or fibronectin adhesion of 

either H1573 or 16HBE14o cells (Suppl. Fig. 5 and data not shown). Interestingly, the 

increased ECM adhesion and decreased transfilter migration of ADD 1-overexpressed 

H1299 cells persisted even when ADD3 was also overexpressed (Suppl. Fig. 6), thereby 
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arguing against a possibility that these are the neomorphic effects of the selective ADD1 

overexpression.

There is a nonlinear relationship between the strength of cell-ECM adhesion and the velocity 

of cell migration, where migration can be inhibited by both insufficient and very strong cell 

attachment to ECM [52, 53], Therefore, we rationalized that the observed hyperadhesiveness 

of an ADD 1-overexpressing H1299 cell is likely to contribute to their impaired motility. 

Cell adhesion to ECM depends on the assembly of specialized basal structures called ‘focal 

adhesions’ (FA) [54, 55]. Immunofluorescence labeling of a classical FA marker, 

phosphorylated (p) paxillin, revealed assembly of small FA localized to the edges of 

spreading control H1299 cells (Fig. 5C, arrows). ADD1 overexpression stimulated the 

formation of FA, which became enlarged and localized both at the periphery and the basal 

surface of spreading H1299 cells (Fig. 5C, arrowheads & 5D). Furthermore, immunoblotting 

analysis demonstrated that ADD1 overexpression significantly increased the levels of 

phosphorylated paxillin and phosphorylated (active) Src kinase (Fig. 5E), which is a key 

upstream regulator of FA assembly [56, 57].

Since the formation of FA is known to be regulated by the actomyosin cytoskeleton, we next 

examined the cytoskeletal organization in control and ADD1-overexpressing H1299 cells by 

labeling filamentous (F) actin and an actin motor, non-muscle myosin IIB (NM IIB). 

Confocal microscopy revealed major morphological changes in ADD1-overexpressing cells, 

manifested by the formation of long peripheral protrusions enriched in F-actin and NM IIB 

(Fig. 6 arrows). To gain additional insights into the mechanisms that control formation of 

such protrusions, we performed live cell imaging of migrating cells. Control H1299 cells 

demonstrated a mesenchymal-type motility with the orchestrated formation of the migrating 

cellular front and detachment/forward translocation of the trailing cellular edge (Suppl. 

Movie 1). By contrast, ADD1 overexpressed cells failed to efficiently detach and retract the 

trailing edge resulting in the formation of long tail-like protrusions (Suppl. Movie 2). These 

results are consistent with the observed hyperadhesiveness of ADD1-overexpressed H1299 

cells (Fig. 5).

Immunofluorescence labeling and confocal microscopy showed localization of exogenous 

ADD1 in the poorly-retractable F-actin rich protrusions (Suppl. Fig. 7A, arrows). However a 

significant fraction of the overexpressed ADD1 accumulated in the nuclei of H1299 cells 

(arrowheads), which was confirmed by the nuclear/cytoplasmic cell fractionation (Suppl. 

Fig. 7B). This prompted us to investigate whether the observed effects of ADD1 

overexpression on H1299 cell adhesion and migration were mediated by its nuclear or non-

nuclear fractions. Inhibition of the nuclear export by leptomycin B caused redistribution of 

peripheral ADD1 into the nucleus (Suppl. Fig. 8, arrows) and reversed the increased ECM 

adhesion of ADD 1-overexpressed H1299 cells (Suppl. Fig. B,C). Unfortunately, a long-time 

(~16 h) leptomycin treatment, which was required for examining cell migration, produced 

uninterpretable results by markedly inhibiting transfilter migration of control cells (data not 

shown). These results suggest that at least some effects of ADD 1-overexpression of the 

adhesion and migration of NSCLC cells could be mediated by the non-nuclear pool of 

ADD1.
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3.5 Src inhibition reverses the increased adhesion and inhibited migration of ADD1-
overexpressing lung cancer cells

Next, we sought to elucidate if activation of Src is responsible for the increased ECM 

adhesion and attenuated motility of ADD 1-overexpressing NSCLC cells by using siRNA-

mediated downregulation of Src expression (Fig. 7A). Depletion of Src decreased paxillin 

phosphorylation and inhibited the formation of non-retractable tails in ADD 1-

overexpressing H1299 cells (Fig. 7A, B). Consistently, Src knockdown reversed the 

enhanced ECM adhesion of ADD 1-overexpressing cells without affecting adhesion of 

control cells (Fig. 7C, D). Interestingly, downregulation of Src had a complex effect on 

H1299 cell motility by decreasing transfilter migration of control cells, but increasing 

migration of ADD 1-overexpressing cells (Fig. 7E, F). This most likely reflects multiple 

roles of Src in the regulation of cell motility that include adhesion-dependent and 

independent mechanisms [56, 57], Together, our data demonstrate that ADD1 

overexpression results in Src activation that increases ECM adhesion and impedes motility 

of NSCLC cells.

3.6 Upregulation of cadherin-11 mediates the increased motility of adducin-depleted lung 
cancer cells

In the final series of experiments, we investigated the mechanisms that mediate ECM 

adhesion-independent acceleration of motility of adducin-depleted NSCLC cells. Since 

adducins were previously implicated in the regulation of cadherin-based intercellular 

junctions and epithelial differentiation [31, 33, 58, 59] we asked if the loss of adducins could 

trigger the phenotypic alterations of NSCLC cells. Immunoblotting analysis was used to 

examine the expression of major epithelial and mesenchymal cadherins in control and 

adducin-depleted H1573 cells. While the levels of epithelial-type E- and P-cadherins were 

not affected by ADD1 and ADD3 knockout, expression of mesenchymal-type cadherin-11 

was dramatically (up to 31-fold) upregulated in ADD1-deficient and in less extent (6–8 fold) 

in ADD3 knockout cells (Fig. 8 A,B). Consistently, cadherin-11 protein expression was 

downregulated in ADD1-overexpressing H1299 cells (data not shown). To examine the 

functional roles of cadherin-11 overexpression in accelerated motility of adducin-depleted 

H1573 cells, cadherin-11 functions were inhibited by two different approaches. One 

approach involved siRNA-mediated knockdown of cadherin-11 (Fig. 8C, D), while the other 

approach used an anti-cadherin-11 inhibitory antibody (Fig. 8E, F). Both approaches 

produced consistent results by selectively attenuating transfilter migration of ADD1-

deficient H1573 cells, while having little effects on the motility of control cells (Fig. 8C-F). 

Similar results were obtained when cadherin-11 was inhibited in ADD3-deficient H1573 

cells (Suppl. Fig. 9). Together, our results demonstrate that upregulation of cadherin-11 

expression plays a major role in the accelerated motility of adducin-deficient NSCLC cells.

4 DISCUSSION

4.1 Altered expression and localization of adducins in NSCLC and other cancers

Adducins are scaffolding proteins, best known for their roles in regulating the organization 

and dynamics of the plasma membrane-associated cytoskeleton [22, 23]. They are 

dysregulated in different types of solid tumors, although functional roles of adducins in 
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tumorigenesis remain poorly characterized [40]. The present study identifies adducins as 

potent inhibitors of NSCLC cell motility and reveals non-canonical mechanisms of their 

actions involving the regulation of ECM adhesion signaling and cell-cell adhesion proteins. 

Importantly, our data suggest that functional activities of adducins are impaired in NSCLC 

cells. First, mRNA expression of ADD1 and ADD3 was significantly decreased in lung 

adenocarcinoma patient samples as compared to normal human lung tissue (Fig. 1A). 

Second, the level of ADD3 protein was dramatically decreased in mesenchymal NSCLC 

cells, the most aggressive and metastatic type of lung cancer (Fig. 1B, C; Suppl. Fig. 1). 

Finally, ADD1 was translocated from the cell cortex into cytoplasmic and nuclear 

compartments of mesenchymal-type NSCLC cells (Fig. 1B, C; Suppl. Fig. 1). Such 

mislocalization of ADD1 could be due to phosphorylation by oncogenic kinases that weaken 

its interactions with cortical actin filaments and spectrin oligomers, although this suggestion 

has not been proved experimentally. Since deletion of ADD1 and ADD3 potently promoted 

migration and invasion of NSCLC and non-transformed lung epithelial cells (Figs. 2 & 3; 

Suppl. Figs. 2 & 3), it is reasonable to suggest that adducin dysfunctions due to either 

expressional downregulation or mislocalization contribute to the increased motility of 

mesenchymal NSCLC cells. Importantly, previous studies demonstrated that loss of 

adducins blocked the formation of the lateral plasma membrane domain and impaired 

assembly of intercellular junctions in normal epithelial and cancer cells [29–31, 33]. These 

findings highlight another possible consequence of adducin dysfunctions in lung cancer, 

which is destabilization of intercellular contacts. Collectively, our present and published data 

suggest that the net effect of the impaired functional activity of adducins would be increased 

metastatic dissemination of NSCLC cells. This suggestion could be extended to other types 

of cancers characterized by the diminished expression and altered localization of adducins. 

Indeed, loss of ADD3 was reported in human glioma patients [60, 61], whereas ADD1 was 

downregulated in ovarian cancer cell lines as compared to normal human ovarian surface 

epithelium [39]. Additional evidence were provided by animal cancer model studies where 

decreased expression and mislocalization of ADD1 and ADD3 were found in rat renal 

carcinoma [28, 46] and alternative splicing of ADD3 was associated with highly metastatic 

murine breast tumor [62]. While these clinical and experimental evidence suggest that 

adducins could act as a general suppressor of tumor metastasis, our study provides the first 

mechanistic insights that may explain the antimetastatic activity of these proteins.

4.2 ADD1 is a potent suppressor of lung cancer cell motility

Our findings primarily implicate ADD1 in the regulation of lung cancer cell motility, while 

providing suggestive evidence about anti-migratory activity of ADD3. Indeed, knockout of 

either ADD1 or ADD3 that increased migration and invasion of normal lung epithelial and 

NSCLC cell, resulted in simultaneous down-regulation of both adducin isoforms (Figs. 2 & 

3; Suppl. Figs. 2 & 3). On the other hand, ADD1 but not ADD3 overexpression inhibited the 

motility of mesenchymal NSCLC cells (Fig. 4). It is generally believed that ADD1 and 

ADD3 stabilize each other by forming heterodimers or heterotetramers [22, 23] and our 

present and previous results with genetic depletion of different adducins support this 

postulate [31]. However, under certain conditions, ADD1 appears to be stable in the absence 

of other adducin isoforms. For example, mesenchymal NSCLC cells demonstrated high 

expression of ADD1 along with the very low level of ADD3 and undetectable ADD2 protein 

Lechuga et al. Page 12

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 1; Suppl. Fig. 1 and data not shown). Overexpression of exogenous ADD1 in these 

cells just marginally increased ADD3 level (Fig. 4A). Furthermore, expression of the ADD1 

protein was minimally altered in the kidneys of mice with either individual ADD3 knockout 

or a dual loss of ADD2 and ADD3 [51]. Hence, it is reasonable to suggest that ADD1 in 

addition to canonical heterooligomerization with ADD3 or ADD2, is capable of forming 

homooligomers and functioning independently from other adducin isoforms. Further studies 

are needed to compare the functional activities of homooligomers and heterooligomers of 

adducins.

4.3 High expression of ADD1 suppresses lung cancer cell motility by strengthening ECM 
adhesion

We found that ADD1 suppressed lung epithelial cell and NSCLC cell motility via two 

different mechanisms, depending on the cellular level of this protein. High ADD1 expression 

inhibited cell migration by increasing the avidity of ECM adhesion, while moderate ADD1 

expression attenuated cell migration by downregulating expression of the promigratory 

cadherin-11 (Figs. 5 & 8). Both mechanisms are novel and have not been previously 

associated with functional activities of adducins. The observed different modes of ADD1 

actions are not surprising, given its known roles as the membrane skeleton component and 

the actin-binding protein involving in multiple interactions [22, 23]. The outcomes of such 

interactions are likely to be an assembly of different cytoskeletal complexes, which 

abundancy and functions depend on the cellular level of ADD1.

Our data suggest that high ADD1 expression creates a strong ECM adhesion associated with 

the increased FA signaling events, such as Src activation (Figs. 5 & 7). Such enhanced FA 

are likely to be resistant to disassembly, thereby impeding detachment of the trailing cellular 

edge and attenuating cell motility (Fig. 6; Suppl. Movies 1 & 2). Similar formation of large 

integrin-based FA was previously reported in rat renal epithelial cells after expression of an 

ADD1 point mutant associated with human hypertension [63]. While we did not investigate 

the precise mechanisms that underline the increased Src activation and the enhanced FA 

assembly in ADD1-overexpressing cells, these events are likely to be related to the adducin-

dependent reorganization of the actomyosin cytoskeleton. Indeed, ADD1-overexpressing 

NSCLC cells were characterized by the peripheral protrusions that contained prominent 

actomyosin bundles (Fig. 6). These findings are in agreement to previous studies showing 

that adducins promoted actin filament assembly in intestinal and renal epithelial cells [31, 

63] and that loss of ADD1 increased F-actin dynamics in the neuronal growth cone [36]. 

Furthermore, the described effects of ADD1 on the actin cytoskeleton in live cells are 

consistent with the known ability of adducins to bundle and cap actin filaments in cell-free 

systems [18–21]. Therefore, a functional outcome of the ADD1 overexpression could be 

creation of stable F-actin bundles. On the basal side of the cells, these F-actin bundles 

promote FA assembly and increase cell ECM attachment [54, 55, 64]. It is unclear why the 

formation of peripheral F-actin bundles requires the high level of ADD1 expression. One 

possibility is that some optimal actin-ADD1 stoichiometry should be achieved, while 

another possibility is that ADD1 competes with other highly-expressed actin-bundling and 

capping proteins for binding to actin filaments.

Lechuga et al. Page 13

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.4 Adducins are novel regulators of cadherin-11 expression in lung cancer cells

One of the most surprising findings of this study is that adducins modulate NSCLC cell 

motility by regulating expression of cadherin-11. Indeed, loss of ADD1 and ADD3 resulted 

in marked increase of cadherin-11 expression in epithelial-type H1573 cells, which played a 

causal role in the accelerated motility of adducin-depleted cells (Fig. 8, Suppl. Fig. 9). 

Furthermore, ADD1 overexpression downregulated cadherin-11 expression in mesenchymal 

H1299 cells (data not shown), which could synergize with the increased ECM adhesion in 

attenuating motility of these cells. Cadherin-11 is a member of the cadherin family of 

adhesion proteins and is known to be essential for embryonic development and 

tumorigenesis [65], Cadherin-11 is highly expressed in mesenchymal cells and is 

upregulated in different solid tumors [66–68], Importantly, several studies demonstrated that 

cadherin-11 drives cancer cell motility [66–68], which is consistent with the cadherin-11 

activity observed in adducin-depleted NSCLC cells (Fig. 8). How does cadherin-11 

accelerate motility of cancer cells remain poorly understood, although overexpression of this 

protein in mesenchymal stem cells and fibroblasts was shown to dramatically affect the 

contractile properties of the cells and production of ECM proteins [69, 70].

The observed regulation of cadherin-11 expression in NSCLC cells represents an unusual 

activity of adducins. Only one previous study documented decreased expression of 

adhesion-related proteins, synaptopodin, and alpha-actinin, in podocytes of ADD2-null mice 

[71], The mechanisms of adducin-dependent regulation of protein expression await further 

investigations, however, at least two possibilities could be envisioned. One possibility is that 

adducins affect cadherin-11 expression indirectly, by modulating cytoskeleton-dependent 

activity of serum response factor (SRF). An alternative possibility would be a direct effect of 

ADD1 on cadherin-11 transcription in the nucleus. The former mechanism is based on a 

recent report that cadherin-11 expression is controlled by SRF during mesenchymal stem 

cell differentiation [69], On the other hand, SRF is a transcriptional factor, which activity is 

regulated by the actin cytoskeleton and specifically by the availability of monomeric actin 

[72, 73], Since altered adducin expression could shift the ratio of monomeric-to-polymeric 

actin in epithelial cells [31], this may result in altered SRF activity and SRF-dependent 

expression of cadherin-11. The possibility of direct adducin-dependent regulation of 

cadherin-11 expression is based on the fact that adducins possess nuclear localization signals 

and could translocate into the nucleus (Fig. 1; Suppl. Fig. 7) [30, 74], Interestingly, nuclear 

retention of ADD1 was shown to be significantly higher as compared to the ADD3 isoform 

[74], which is consistent with its superior ability to repress cadherin-11 expression (Fig. 8). 

In the nucleus, ADD1 was shown to interact with RNA polymerase and a transcription 

factor, ZNF331, however, the functional consequences of such interactions have not been 

explored [74].

4.5 Conclusion

In conclusion, the results of our study demonstrate that adducins, especially ADD1, act as 

potent inhibitors of migration and invasion of NSCLC cells and non-transformed bronchial 

epithelial cells. Furthermore, we identified two distinct mechanisms of adducin-dependent 

regulation of cell motility depending on the level of ADD1 expression and involving 

modulation of ECM adhesion and regulation of cadherin-11expression. Since adducins are 
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either downregulated or functionally inhibited by pro-oncogenic signaling pathways, 

dysfunction of these membrane skeleton proteins is likely to contribute to the metastatic 

dissemination of lung cancer cells. Additional studies are warranted to dissect possible roles 

and mechanisms of adducins in tumor progression and metastasis.
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Highlights

• Development of non-small cell lung cancer is accompanied by the decreased 

expression and mislocalization of adducins

• Depletion of ADD1 and ADD3 accelerates migration and invasion of NSCLC 

cells, whereas ADD1 overexpression inhibits cell motility

• ADD1 overexpression attenuates lung cancer cell migration by activating Src 

and enhancing cell-matrix adhesion

• Loss of ADD1 and ADD3 stimulates lung cancer cell motility in adhesion-

independent fashion, by upregulating cadherin-11 expression
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Figure 1: Altered expression and localization of adducins in lung cancer cells.
(A) A comparative analysis of ADD1 and ADD3 mRNA expression levels in normal (n=59) 

and tumor (n=457) tissues from patients with lung adenocarcinoma. Error bars indicate the 

median absolute deviations. (B) Immunoblotting analysis of adducins expression in 

epithelial and mesenchymal-type non-small cell lung cancer cells. (C) Immunofluorescence 

labeling of ADD1 and ADD3 in non-tumorigenic bronchial epithelial cells (16HBE14o), 

epithelial-type (H1573) and mesenchymal-type (H1299) lung cancer cells. Arrows point on 

plasma membrane localization of ADD1 and ADD3 in epithelial-type cells. Arrowheads 
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indicate cytoplasmic and nuclear localization of ADD1 in mesenchymal-type lung cancer 

cells. Scale bar, 20μm.
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Figure 2: Loss of ADD1 increases transfilter migration and Matrigel invasion of lung cancer 
cells.
ADD1 expression was down-regulated H1573 cells using CRISPR/Cas9-mediated gene 

editing. (A) Immunoblotting analysis shows co-depletion of ADD1 and ADD3 by 4 different 

ADD1 small guide (sg) RNAs. (B) Quantification of the planar migration of the control and 

ADDl-depleted H1573 cell monolayers at 24 h post-wounding. (C, D) Representative 

images and quantitative analysis of the DAPI-labeled control and ADD 1-deficient HI 573 

cells after 16 h of transfilter migration in the Boyden chamber. (E, F) Representative images 
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and quantitative analysis of the DAPI-labeled control and ADD 1-deficient H1573 cells after 

24 h invasion into Matrigel. Data are presented as mean ± SE (n =3); **p < 0.005, as 

compared to the control sgRNA-transfected group.
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Figure 3: Loss of ADD3 increases transfilter migration and Matrigel invasion of lung cancer 
cells.
ADD3 expression was down-regulated HI573 cells using CRISPR/Cas9-mediated gene 

editing. (A) Immunoblotting analysis shows co-depletion of ADD3 and ADD1 by 4 different 

ADD3 small guide (sg) RNAs. (B) Quantification of the planar migration of the control and 

ADD3-depleted HI573 cell monolayers at 24 h post-wounding. (C, D) Representative 

images and quantitative analysis of the DAPI-labeled control and ADD3-deficient HI 573 

cells after 16 h of transfilter migration in the Boyden chamber. (E, F) Representative images 
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and quantitative analysis of the DAPI-labeled control and ADD3-deficient HI573 cells after 

24 h invasion into Matrigel. Data are presented as mean ± SE (n =3); *p < 0.05; **p < 0.005, 

as compared to the control sgRNA-transfected group.
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Figure 4: Overexpression of ADD1 but not ADD3, inhibits lung cancer cell motility.
FLAG-tagged ADD1 or ADD3 were stably expressed in H1299 lung cancer cells using a 

lentiviral expression vector. (A) Immunoblotting analysis shows the levels of ADD1 and 

ADD3 proteins in the generated cell lines. (B) Quantification of the planar migration of the 

control, ADD1 or ADD3-overexpressing H1299 cell monolayers after 12 h of wound 

healing. (C, D) Representative images and quantitative analysis of the DAPI-labeled control, 

ADD1, or ADD3-overexpressing H1299 cells after 12 h transfilter migration in the Boyden 

chamber. (E, F) Representative images and quantitative analysis of the DAPI-labeled 
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control, ADD1, or ADD3-overexpressing H1299 cells after 24 h invasion into Matrigel. Data 

are presented as mean ± SE (n =3); *p < 0.05; **p < 0.005, as compared to the control 

group.
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Figure 5: Overexpression of ADD1 increases extracellular matrix adhesion and promotes focal 
adhesion assembly in lung cancer cells.
(A, B) Representative images and quantification of 30 min adhesion to the collagen I matrix 

by the control and ADD 1-overexpressing H1299 cells. (C, D) Representative 

immunofluorescence images and quantitative analysis of phosphorylated (p) paxillin (Tyrll8) 

labeling in the control and ADD 1-overexpressing H1299 cells. Arrows indicate small 

peripherally located focal adhesions in the control cells. Arrowheads point at enlarged focal 

adhesions in ADD 1-overexpressing cells. (E) Immunoblotting analysis of expression and 
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phosphorylation of major focal adhesion proteins in the control and ADD1-overexpressing 

H1299 cells. Data are presented as mean ± SE (n =3); *p < 0.05; **p < 0.005, as compared 

to the control group.
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Figure 6: ADD1 overexpression induces the formation of long actomyosin-rich protrusions.
A dual immunofluorescence analysis of F-actin (red) and non-muscle myosin IIB (NMIIB, 

green) in the control and ADD 1-overexpressing H1299 cells. Arrows show long protrusions 

enriched in F-actin and NMIIB induced by ADD1 expression.
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Figure 7: Downregulation of Src expression reverses the increased adhesion and attenuated 
motility of ADDl-overexpressing lung cancer cells.
Control and ADD 1-overexpressing H1299 cells were transfected with either Src or non-

targeted siRNAs and were analyzed on day 3 posttransfection. (A) Immunoblotting analysis 

shows the expression of Src and p-paxillin in the control and ADDl-overexpressing cells 

transfected with either non-targeting or Src-specific siRNAs. (B) Immunolabeling analysis 

of NM IIB in ADDl-overexpressing lung cancer cells transfected with either control or Src-

specific siRNAs. Arrows show long NM IIB-rich protrusions in ADD1-overexpressing cells 
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that disappear after Src depletion. (C, D) Representative images and quantification of 

collagen I matrix adhesion of the control and ADD 1-overexpressing H1299 cells transfected 

with either control or Src-specific siRNAs. (E, F) Representative images and quantification 

analysis of transfilter migration of control and ADD 1-overexpressing H1299 cells 

transfected with either control or Src-specific siRNAs. Data are presented as mean ± SE (n = 

3); **p < 0.005.
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Figure 8: Inhibition of cadherin-11 reverses the increased motility of ADD 1-deficient lung 
cancer cells.
(A, B) Representative immunoblots showing expression of different cadherins and 

densitometric quantification of the cadherin-11 protein level in the control, ADD1, or 

ADD3-depleted H1573 cells. (C, D) Cadherin-11 was transiently depleted by siRNA in 

control and ADD 1-deficient H1573 cells. (C) Immunoblotting analysis shows the efficiency 

of cadherin-11 depletion. (D) Results of the transfilter migration assay of the control and 

ADD 1-deficient H1573 cells with and without cadherin-11 depletion. (E, F) Transfilter 
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migration data for the control and ADD 1-deficient H1573 cells treated with either anti-

cadherin-11 antibody or control IgG. Data are presented as mean ± SE (n =3); *p < 0.05; 

**p < 0.005.
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