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Purpose: The options for treating lung cancers are limited, as diagnosis typically occurs

during the late stages of the disease. There is a dire need to develop aPKC (atypical Protein

Kinase C) inhibitors due to aPKC overexpression and contributions to lung cancer malig-

nancies. In this study, we investigate the role of atypical PKCs (aPKCs) in cell proliferation

and migration in lung cancer cell lines and the effect of the novel aPKC inhibitor DNDA

(3,4-amino-2,7 napthalene disulfonic acid).

Methods: The normal and lung cancer cells were treated with various concentrations of

DNDA. We used a WST assay to determine lung cell viability, then analyzed cell apoptosis

through Annexin V/PI staining and flow cytometry. Immunoprecipitation determined the

proteins’ associations, and Western blot allowed testing of the expression of interest proteins.

We also employed the UbiTest to identify the ubiquitination of the FAK. The scratch and

transwell assays measured cell migration and invasion of lung cancer cells.

Results: Our data from cell viability and flow cytometry showed a significant reduction in

cell proliferation and induction of apoptosis with DNDA treatment in lung cancer cells, as

well as no toxic effect on normal BEAS-2B lung cells. Western blot results showed that the

phosphorylation of PKC-iota and phosphorylation of FAK decreased in A549 lung cancer

cells upon DNDA treatment. Immunoprecipitation (IP) data revealed an association of PKC-ι

with FAK and FAK with Casitas B-lineage lymphoma proto-oncogene-b (Cbl-b). UbiTest

results suggest that PKC-ι regulates FAK cleavage through its ubiquitination by Cbl-b,

thereby inhibiting A549 lung cancer cells’ migration. This was evident from scratch, inva-

sion, and migration assays.

Conclusion: Our study data suggest that DNDA inhibits cell proliferation and induces

apoptosis in lung cancer cells. Moreover, DNDA inhibit A549 lung cancer cells’ migration

by PKC- ι/FAK ubiquitination via Cbl-b.
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Introduction
On a global scale, lung cancer is one of the major causes of mortality, accounting

for more deaths than any other cancer. In 2018, lung cancer estimates from the

American Cancer Society described 234,030 new cases (121,680 men and 112,350

women) and 154,050 deaths (83,550 men and 70,500 women) in the United States.1

The largest contributor to lung cancer deaths in the United States is cigarette
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smoking at 82% of all lung cancer deaths.2 The historical

differences in the uptake and reduction in tobacco use

drive the worldwide lung cancer burden and trends.

Demographic and geographic characteristics such as sex,

age, race, ethnicity, and socioeconomic status have also

contributed to the dramatic variations in lung cancer rates.3

Lung cancer arises as a result of the progressive

appearance of genetic and epigenetic alterations, both in

oncogenes and tumor-suppressor genes; ultimately, this

leads to deregulated activation of mitogenic and survival

signaling pathways. Scientists have extensively studied

genetic alterations in non-small cell lung cancer

(NSCLC) tumors, including oncogenic mutations in the

epidermal growth factor receptor (EGFR), anaplastic lym-

phoma kinase (ALK), human epidermal growth factor 2

(HER2), mesenchymal-epithelial transition (MET), phos-

phatidylinositol-4,5-bisphosphate 3-kinase (PIK3CA),

B-Raf proto-oncogene (BRAF), extracellular signal-

regulated kinase (ERK) and Kirsten rat sarcoma 2 viral

oncogene homolog (KRAS), as well as inactivation of

tumor suppressor genes like p53, Phosphatase and Tensin

homolog (PTEN), retinoblastoma protein (Rb), and cyclin-

dependent kinase inhibitor 2A (p16).4

Protein Kinase C (PKC) is a multigene family composed

of serine/threonine protein kinases involved in a variety of

fundamental physiological processes that regulate cell

growth, differentiation, apoptosis, transformation and

tumorigenicity.5 There are 3 different groups in PKC iso-

enzymes: the classical PKCs (cPKCs), including the α, βI,
βII, and γ isoforms stimulated by Ca+2, diacylglycerol

(DAG) or phorbol esters; the novel PKCs (nPKCs), includ-

ing the θ, η, ε, and δ isoforms which are Ca+2 independent

and activated by diacylglycerol or phorbol esters; and,

finally, the atypical PKCs (aPKCs), including the ζ and ι/λ
isoforms that do not respond to Ca+2 and diacylglycerol or

phorbol esters. Classifying different isoforms is based on

the presence or absence of functional domains that confer

specific co-factor and activator requirements.6

There has been considerable interest in aPKCs as drug

targets because of the role they play in cancer development

and progression.Most types of cells expressmultiple types of

PKC isoform, and each PKC isoform mediates a specific

function. Their distribution is variable in different tissues

and subcellular locations.7 Among the aPKCs, studies have

extensively characterized PKC- ι as an oncogenic kinase.8

PKC- ι is frequently overexpressed at the mRNA and protein

levels in cancers of the lung,9 pancreas,10 breast, and many

other tumors.11 PKC- ι is crucial in maintaining cell polarity

architecture along with other polarity complex components,

including the Partitioning-defective Protein 6 (Par 6),

Partitioning-defective Protein 3 (Par 3) and Ras-related C3

botulinum toxin substrate 1 (Rac-1), which have been impli-

cated in oncogenesis. The protein-protein interactions of

Phox and Bem 1 (PB1) domains between PKC-ι and Par 6

are required for the transformed phenotype and Rac-1 activa-

tion in NSCLC cells.12

PKCs has been implicated in tumor cell migration

promotion, specifically by the scaffolding of cytoskeletal

proteins and phosphorylation of Focal Adhesion Kinase

(FAK).13 FAK is a non-receptor tyrosine kinase linked to

growth factor receptors and integrin signaling pathways

that regulate biological processes like apoptosis, migra-

tion, and invasion.14 Studied indicate that Inhibition of

FAK expression reduces the migration and invasion of

epidermal growth factor (EGF) stimulated human carci-

noma cells.15 In addition, FAK inhibition decreases the

migratory behavior of endothelial cells and hepatoblas-

toma cells alike.16 Furthermore, FAK signaling is involved

in the process of Transforming Growth Factor-β (TGF-β)-
induced epithelial-to-mesenchymal transition (EMT) in

hepatocytes.17 Cigarette smoke constituents – NNK

(4-(methyl nitrosamino)-1-(3-pyridyl)-1-butanone) – acti-

vate the c-Src/FAK/PKC-ι pathway and positively regulate

migration and invasion of human lung cancer cells.18

Dephosphorylation and proteolytic cleavage of FAK ter-

minates FAK signaling. Scientists first observed the proteoly-

sis of FAK in chicken embryo fibroblasts transformed by the

myc or v-Src oncogene.19 Studies indicate Caspases cleaves

FAK during apoptosis,20 Calpain in the v-Src-induced trans-

formation of chicken embryo fibroblasts21 and the E3 ubiqui-

tin ligase, Cbl.22 After integrin stimulation, Cbl recognizes the

phosphorylated FAK before it degrades via the Cbl-dependent

proteasomal pathway. During this process, Signal-

TransducingAdaptor protein-2 (STAP-2) enhances the recruit-

ment of Cbl to FAK. STAP-2 regulates integrin-mediated

T cell adhesion by protein degradation of FAK through

Cbl.23 Protein degradation controls the turnover rates and

steady-state concentrations of all cellular proteins.24

The aPKC inhibitors we are investigating on different

cancer cell lines in our laboratory include ICA-1, ζ-stat,
ACPD and DNDA. Computational study shows that these

small molecule inhibitors bind to the catalytic domain or

a potential allosteric pocket in the aPKCs.25 In the present

study, we focus on aPKCs’ involvement in cell proliferation,

apoptosis, invasion and NSCLC migration. The cells’ lines

we used in this study were normal lung cells (BEAS-2B) and
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metastatic (A549 and H1299) lung cancer cells. A novel

aPKC inhibitor, DNDA, showed no toxic effect on normal

(BEAS-2B) lung cells, though there was a significant

decrease in the cell viability of metastatic (A549 and

H1299) lung cancer cells. The treatment with DNDA altered

the phosphorylation of aPKCs and FAK. In this study, we

also investigate the aPKC role in metastasis by ubiquitination

of FAK and its degradation through Cbl-b in NSCLC. Our

data supports the notion that DNDA reduces migration of

A549 lung cancer cells, specifically by inhibiting PKC-ι and
regulating FAK ubiquitination via Cbl-b.

Cell Culture and Materials
We obtained the normal lung cell line, BEAS-2B, and

metastatic lung cancer cell line, H1299 from American

Type Tissue Culture (ATCC). We obtained another lung

cancer cell line, A549, from the Moffitt Cancer Centre

(Tampa, FL). We subcultured the BEAS-2B, A549, and

H1299 cells and maintained them in T75 flasks contain-

ing Bronchial Epithelial Cell Growth Media (BEBM)

(CC-3171) that we purchased from Lonza (F-12K (10-

025-CV)). We purchased Roswell Park Memorial

Institute (RPMI) media (10-041-CV) from Corning Life

Sciences, and included supplementation of 10% FBS

(Fetal Bovine Serum) (S1150) that we purchased from

Atlanta Biologics, and finally 1% antibiotics (penicillin

10U/mL and Streptomycin 10 mg/mL) (30-002-CI) that

we purchased from Corning Life Sciences. We incubated

the cells at 37 ºC and 5% CO2.

We obtained DNDA (3,4-diamino-2,7-naphthalenedisul-

fonic acid) from the National Institute of Health (NIH;

Bethesda, MD, USA). We made the stock solution in

Dimethyl sulfoxide (DMSO) and diluted it with sterile dis-

tilled water before using it. We purchased the antibodies to

anti-Phospho PKC-ζ (T410) (2060), anti-PKC-ζ (SC-216),

and anti-PKC-ι (SC-727) from Santa Cruz Biotechnologies;

we also purchased Anti-Caspase-3 (9579), anti-Poly adipose

ribose polymerase (PARP) (5625), anti- B-cell lymphoma

(Bcl-2) (2872) and anti-Bcl-XL (2764) from Cell Signaling

Technology. Anti-FAK antibody (AHO0502) was purchased

from Invitrogen, anti- Cbl-b antibody (12781-1-AP) was

purchased from Protein Tech.

Methods
WST-1 Assay for Cell Viability
This study determined the inhibiting effect of the DNDA

on the cell viability of the BEAS-2B normal lung cells and

metastatic lung cancer cells (H1299 and A549) by employ-

ing a WST-1 assay. We then plated the cells in a 96-well

plate at a final density of 2.0 X 103 cells/well. The media

was changed after 24 hr of plating, and the cells were

treated with different concentrations of DNDA (0.5, 1,

2.5, 5, 10, 20 µM) for 3 consecutive days, as well as

incubated at 37ºC. After 24 hrs of each day’s (Day 1,

Day 2, Day 3) treatment, we aspirated the media and

transferred and pipetted a mixture of 180 μL of fresh

media and WST-1 (20 μL) reagent to each well. The

Synergy HT BioTek Plate reader acted as a tool to record

the absorbance at 450 nm and 630 nm (used as reference

absorbance). The measurements represent the average of

three independent experiments.

Flow Cytometry
This study plated and treated the cells with DNDA for 3

consecutive days. After the third day of treatment, we

aspirated the media and lifted the cells using a Hyclone

HyQtase cell detachment solution. Centrifugation (12,000

X g) allowed us to collect the cells before discarding the

supernatant. The cells were washed with a 1X binding

buffer and resuspended in Annexin V Allophycocyanin

(APC)/DAPI (100 μL) staining solution. Subsequently,

the cells were mixed and incubated in the dark, at room

temperature, for 10 mins, and PBS (200 μL) was added.

Samples were analyzed on a BD FacsCanto II cytometer

(San Jose, CA) with FacsDiva6.1.3 software. The study

included exciting the APC dye using a 633 nm laser, as

well as detecting emission at 660/20 nm. The DAPI was

excited with a 405 nm laser, and the emission was detected

at 450/50 nm.

Protein Isolation and Western Blot

Analysis
In this section of the study we seeded the lung cancer cells

on 100 mm plates, allowing them to become 50–60%

confluent before starting DNDA (10μM) treatment.

Following the treatments, we washed the cells with the

1X DBPS and incubated them with trypsin for 10 min.

Trypsinized cells were transferred to 1.5 mL Eppendorf

tubes before we centrifuged them for 15 min at 1000 X g.

From each tube, we decanted the supernatant of the solu-

tion, and added a lysis buffer (with the protease and the

phosphatase inhibitors) to each tube. We performed the

protein assay by using the Bradford method, and we added

a Laemelli sample buffer (LSB) to the cell lysate, boiling
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the mixture for 5 min at 95°C. We also loaded equal

amounts (20–40 µg of protein) of samples and separated

them using the Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) method. Subsequently, the

bands were transblotted to a 0.4-micron nitrocellulose

membrane and blocked with 4–5% non-fat dry milk pow-

der in Tris-buffered saline with 0.1% Tween-20 (TBST)

for 1 hr at room temperature or overnight on a rocker at 4°

C. Afterward, we washed the membranes with the TBST

and incubated them with primary antibodies at 4°C over-

night in a rocker. Subsequently, we washed the membranes

and probed them with the corresponding secondary anti-

bodies (mouse or rabbit), finally developing them with the

Electro Chemi Luminescence solution and Amersham GE

instrument.

ImmunoPrecipitation (IP)
We lysed the cells with an IP lysis buffer (with protease

and phosphatase inhibitors), scraped and collected in

1.5 mL tubes. Samples were sonicated for 10 sec on ice,

then centrifuged at 4°C for 30 min at 12,000 X g. We

collected the supernatant in new 1.5 mL tubes, calculating

the protein concentration using a Bradford Assay. We

added the lysate and IP lysis buffer to make the final

concentration 200 μg/200 μL or 400 μg/400 μL, and incu-

bated the lysates on a rocker at 4°C for 1 hr with 15 μL of

magnetic agarose beads to preclear the lysate. We applied

a magnetic field to pull beads aside, then added the super-

natant to a new tube. Next, 3 μg of antibody was added to

the supernatant and incubated at 4°C on a rocker over-

night. Subsequently, we added 25 µL of the magnetic

agarose beads to every tube and incubated them at 4°C

on a rocker for 1 hr at room temperature. After incubation,

we applied a magnetic field to pull the beads aside, then

discarded the supernatant. The beads were washed with

500 µL 3X of IP lysis buffer by mixing gently before

discarding the supernatant. We resuspended the bead pellet

in 30 μL of 3X LSB buffer, then heated the samples at 70°

C for 5 min and loaded them onto a SDS-PAGE gel.

In-vitro Kinase Assay
This study performed the in-vitro kinase assay by individu-

ally re-suspending IP endogenous PKC-ɩ (3 µg) and FAK (3

µg) from the control (untreated) and treated metastatic A549

lung cancer cells with DNDA in kinase buffer (20 mM Tris-

HCl (pH 7.5)), 6 mMmagnesium acetate, phosphatidylserine

(5 μg), and finally adenosine triphosphate (ATP) (0.96 μg)
(56). We initiated the reaction by incubating samples in

a water bath for 10 min at 30 ºC, eventually terminating the

reaction by adding a 3x sample loading buffer on ice.

Subsequently, proteins were fractionated by SDS-PAGE –

we analyzed these using immunoblotting.

Immuno Fluorescence Microscopy
In this step of the study we seeded the cells at low density

in 2 wells chamber slides coated with Poly D-Lysine

(1mg/mL) and treated with vehicle (DMSO) and DNDA

at 10 µM concentration over the course of three consecu-

tive days. Post-treatment, we fixed the cells in 4% paraf-

ormaldehyde for 10 min and permeabilized them with

0.1% Triton-X100 in PBS. After a 1 hr blocking step

using 1% Bovine Serum Albumin (BSA) in a TBST

(0.1%) solution, we incubated the cells with an anti-FAK

primary antibody (1:500) for 1 hr. Subsequently, we used

the Alexa 488 conjugated secondary antibody in PBS BSA

(0.2%) (1: 200), and we observed fluorescence at 488 nm

using a Nikon MICROPHOT-FX microscope with

ProgRes®-Capture 2.9.0.1.

Phalloidin Staining of Filamentous (F)

Actin
Here, we seeded cells at low density in 2-well chamber slides

coated with Poly D-Lysine (1mg/mL), which had also been

treated with vehicle (DMSO) and DNDA at 10 µM concen-

tration for 3 consecutive days. We fixed cells in 4% paraf-

ormaldehyde and incubated them with Phalloidin-iFluor 594

in a 1% BSA solution for an hour at room temperature. Cells

were washed with 1X PBS 3X, and counterstained with

DAPI. We captured all images using ProgRes®Capture

2.9.0.1 on a Nikon MICROPHOT-FX fluorescence micro-

scope (Ex/Em = 590/618).

Depletion of PKC-Ɩ and PKC- ζ Protein
Expression by RNA Interference via

SiRNA
We employed human siRNA for PKC-ɩ and PKC-ζ, which
contained 3 unique 27 mer SiRNA duplexes and one

universal scrambled negative control siRNA duplex. The

Duplex sequences are as follows:

siPRKCZ

SR303747A- 5΄rGrCrArUrGrArUrGrArCrGrArGrGrA
rUrUrGrArCrUGG3΄

SR303747B-5΄rArGrUrArGrArCrGrArCrArArGrArAr
CrGrArGrGrArCrGCC3΄
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SR303747C-5΄rArGrArArUrGrArCrCrArArArUrUrUr
ArCrGrCrCrArUrGAA3΄

siPRKCI

SR303741A-5΄rGrGrCrCrUrArCrArGrArUrGrArGrUr
ArArUrGrArArGrUTA3΄

SR303741B-5΄rGrCrCrArUrArArArCrUrCrGrUrCrAr
CrArArArUrUrGrArATG3΄

SR303741C-5΄rGrCrCrArUrUrUrArArUrGrCrArUrGr
GrArUrArArArCrUTG3΄

We plated the A549 lung cancer cells in 60 mm flasks

at 60% confluency, and aspirated the media after 24 hrs of

plating before adding back 5 mL of fresh media. The cells

were transfected with a 20 nM concentration of siRNA

sequences using the transfection reagent siTrans 1.0, then

incubated for 24 hrs. We lysed the cells with buffer and

collected them in a 1.5 mL tube, and finally subjected the

lysates to Western blot analysis.

UbiTest
We chose to employ the UbiTest kit because it has more

advantages than traditional methods for studying ubiquiti-

nated proteins. Enrichment of ubiquitinated proteins by

Tandem ubiquitin binding entity (TUBE) pulldown and

Deubiquitinating enzymes (DUB) digestion removes all

the ubiquitin exposing the epitopes and confirms the sub-

strate ubiquitination. The polyubiquitinated proteins were

pulled down from the cell lysates using a non-linkage-

selective TUBE. We split the samples in half after eluting

the proteins from the TUBE. One half were treated with

broad-spectrum DUB, (which hydrolyzes polyubiquitin

chains of all linkages), while we left the other half

untreated as a control. We compared the DUB treated

portion with the DUB untreated portion using immunoblot

for the protein of interest.

In the case of the A549 lung cancer cells, we plated them

in 100 mm flasks at 50% confluency and treated them with

DNDA (10 μM) for 3 consecutive days. In addition, we

incubated cells with MG132 (20 μM) for 4 hrs before

collecting the lysates with a lysis buffer (containing pro-

tease, phosphatase and DUB inhibitors). 20 μL of Ubiquitin

Agarose resin was added to 1 mg of cell lysate and incubated

for 2 hr on a rocker at room temperature, and beads were

further collected at low centrifugation (5000 X g) for 5 min.

We then decanted the supernatant and washed the beads

twice with 1 mL of TBST before suspending them in 100

μL of elution wash buffer mixed for 5 min at room tempera-

ture. The beads were collected by centrifugation (as

described above) and resuspended in 50 μL of elution buffer,

mixed for 15 min at room temperature and collected once

again using centrifugation. We carefully isolated and neu-

tralized the supernatant with 5 μL of 10X neutralization

buffer. The sample was divided into two parts. To part 1,

we added 2 μL of 10mM DUB; to part 2, we added 2 μL of

PBS. The samples were incubated at 30°C for 2 hrs, and

adding 6X LSB stopped the reaction.

Scratch Assay
The A549 lung cancer cells were plated in a 6-well plate,

and we made a scratch using a 20 μL sterile pipette tip after

the cells formed a monolayer. Before beginning the treat-

ment, we serum starved the cells for 24 hrs to eliminate the

effect of cell proliferation in determining the wound closure

rate. The cells were treated with the DNDA (10 μM) and

vehicle (DMSO) for 1, 2 and 3 days and we monitored the

closure of the scratch each day using imaging with a Motic

iPad at 40X magnification.

Invasion and Migration Assay
This study investigated the migration and invasion of A549

lung cancer cells by plating the cells (cells were serum starved

for 24 hrs) in the upper chamber of 96-wells Transwell perme-

able support (pore size: 0.8 µM) coated with and without 0.4X

BME. The lower chamber received the chemoattractant

(media with 10% FBS). We treated the A549 cells in the

upper chamber with DNDA (10µM) for 3 days and DMSO

for the control cells. Post-treatment, the media was aspirated

carefully before we washed the cells with PBS. The invasive

and migratory cells in the lower chamber were fixed by 4%

paraformaldehyde and stained with 0.5% Crystal Violet in 1%

ethanol. We washed them with PBS and imaged them using

a Motic AE31E iPad at 40X magnification.

Densitometry
We quantified each band intensity using the 1D analysis soft-

ware Alpha View (Protein Simple, San Jose, California). We

subtracted the background intensity from each band to derive

the corrected intensity.

Statistical Analysis
A Student’s t-test (two-tailed) tested the statistically sig-

nificant differences between the DNDA-treated and con-

trol (vehicle) groups and a one-way ANOVA with

a Tukey’s multiple comparisons test was performed using

R Studio software.
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Results
aPKCs are Overexpressed in Metastatic

Lung Cancer Cells
To identify the role of aPKCs in lung cancer malig-

nancy, this study determined the expression levels of

aPKCs in BEAS-2B normal lung cells and metastatic

(A549 & H1299) lung cancer cells at 50% and 100%

confluences (Figure 1A). We compared the expression

levels at 50% confluency between the cell lines. At 50%

confluency, cells were rapidly growing owing to the fact

that there was more space and replenishing growth fac-

tors, including PKC-iota (which we believe plays an

important role in proliferation). However, at 100% con-

fluency, cells became contact inhibited, and they were

non-proliferating. The inhibitor was used at 50% con-

fluency when the PKC-ɩ levels in the cells were abun-

dant. We applied this method in subsequent experiments

to maintain a level of “control” and eliminate any treat-

ment variation. Additionally, we applied this method to

decrease treatment bias regarding the 100% confluent

cells which could render an alternative effect. PKC- ι

was overexpressed in A549 lung cancer cells by

approximately 1.53-fold more when compared to those

of normal BEAS-2B lung cells. Moreover, PKC-ζ was

not overexpressed in A549 and H1299 lung cancer cells.

Overexpression of FAK did take place in A549 lung

cancer cells by approximately 3.6-fold more and a 2.79-

fold increase in H1299 lung cancer cells compared to

normal BEAS-2B lung cells (Figure 1B). This data

suggests that PKC- ι plays a role in lung cancer

proliferation.

Cell Viability of Normal and Metastatic

Lung Cell Lines by the aPKC Inhibitor

(DNDA)
To evaluate the effects of DNDA (Figure 2) on cell viabi-

lity in (BEAS-2B) normal lung cells and metastatic (A549

& H1299) lung cancer cells, we treated cells with varying

concentrations of DNDA (0.1, 0.5, 1, 2, 5, 10, 20 µM) for

3 consecutive days. The WST method quantified cell via-

bility by recording the absorbance at 450nm. Resulting

data indicated that there was no significant toxicity

(p <0.05) for normal lung cells, even at 20 µM

(Figure 3A). The lack of toxicity to normal lung cells is

crucial because it supports using the aPKC inhibitor as

a potential therapeutic agent. The cell viability on H1299

and A549 lung cancer cells showed reduced cell viability

in a dose-dependent manner (Figure 3B and C). The

results showed that cell viability of H1299 lung cancer

cells decreased by approximately 45% (p < 0.001) with

a 10 µM DNDA treatment after 3 days (Figure 3D). In

A549 lung cancer cells, there was about 39% (p < 0.001)

reduction in cell viability using a treatment of 10 µM

DNDA over the course of 3 days (Figure 3E). These

results illustrate the paramount role that aPKCs play in

lung cancer cell proliferation.

Induction of Apoptosis in Metastatic Lung

Cancer Cells
Since DNDA treatment of metastatic (A549 & H1299)

lung cancer cells significantly reduced cell proliferation,

we further used Western blot analysis and flow cytometry
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Figure 1 (A) Expression profile of PKC-ι, PKC-ζ, FAK proteins in normal (BEAS-2B) and metastatic (H1299, A549) lung cancer cells at different confluences. (B) The bar

graph represents the various protein expression levels at 50% confluency. The PKC-ι and FAK were overexpressed in A549 lung cancer cells when compared to normal

BEAS-2B lung cells. Equal amounts of protein (30 μg) was loaded in SDS-PAGE as indicated by the loading control β-actin.
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methods (Figure 4C–H) to investigate whether knocking

down aPKCs could induce apoptosis by determining the

expression levels of various apoptotic and anti-apoptotic

proteins (Figure 4A and B). Our data showed a decrease in

amounts of survival proteins like Bcl-2 by 5% and 53%

(p < 0.001), Bcl-XL by 22% and 44% (p < 0.01), and

Survivin by 10% and 51% (p < 0.001) in H1299 and A549

cells, respectively. There was a decrease in Caspase-3 by

4.5% and 44% (p < 0.001) and an increase in cleaved

Caspase-3 by 3% and 49%, as well as a decrease in

PARP by 9% and 15% (p < 0.05) in H1299 and A549

lung cancer cells, respectively (Figure 4A and B).

Additionally, we performed flow cytometry to analyze

the apoptotic events that DNDA treatment induced after

3 days. There was no significant effect on the early apop-

tosis in both metastatic cell lines. The late apoptotic event

results showed an increase of 0.8% (p <0.05) and 10.8%

(p < 0.001) in H1299 (Figure 4C–F) and A549 lung cancer

cells respectively. The Western blot data of apoptotic mar-

kers and flow cytometry analysis results suggest that inhi-

bition of aPKCs by DNDA in metastatic lung cancer cells

induced apoptosis in the current study.

Inhibitory Effect of DNDA on aPKCs in

Lung Cancer Cells
DNDA is an inhibitor of both aPKCs, so we first deter-

mined the inhibition of DNDA in both aPKCs and FAK in

lung cancer cells. We analyzed the phospho and total

levels of aPKCs and FAK in both metastatic cells using

Figure 2 Chemical Structure of DNDA (3,4- diamino-2,7-napthalene disulfonic acid).
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Figure 3 (A–C) Dose Response curve of DNDA on BEAS-2B (normal lung cells) and metastatic (A549 & H1299) lung cancer cells. The cells were treated for 3 consecutive

days with the vehicle (DMSO), 0.5, 1, 2.5, 5, 10, 20 μM of DNDA and the cells were quantified using WST-1 assay by recording the absorbance at 450 nm after third day

treatment. The results indicate DNDA had no toxic effect on normal lung cells and cell viability was reduced in a dose dependent manner in metastatic A549 and H1299 lung

cancer cells. (D) Effect of DNDA 10 μM on cell viability of H1299 lung cancer cells treated for 1,2,3 days. Cells were treated for 3 consecutive days and absorbance of WST-1

at 450 nm was recorded for each day by using BioTek Plate reader. DNDA reduced cell viability of H1299 lung cancer cells by 45% and (E) DNDA 10 μM reduced cell

viability of A549 lung cancer cells by 39%. The data represents three independent experiments, Mean ± S.E.M. Statistical analysis was performed using one-way ANOVA

followed by Tukey’s post-hoc test. Statistical significance is represented by p value where ** < 0.01, *** < 0.001.
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Figure 4 (A,B) Inductionof apoptosis inmetastatic lung cancer cells. Themetastatic lung cancer cellswere treatedwithDNDA10μMfor 3 days and an equal amountof protein (30μg)
from cellular extracts were subjected to SDS-PAGE, followed by Western blot analysis. Expression levels of apoptotic markers fromWestern blot data revealed that treatment with

DNDA promotes apoptosis by significant reduction of anti-apoptotic markers – Bcl-xL, BCL-2, Caspase-3, PARP, Survivin and increase in cleaved caspase −3, Cl.Parp fragments in A549
lung cancer cells and a decrease of Bcl-xL, BCL-2 in H1299 lung cancer cells. β-actin was analyzed as a loading control. (C–H) Flow cytometry analysis of apoptotic events on metastatic

lung cancer cells.Density plots of various events in apoptosiswith the treatmentofDNDA10μMonA549 (C,D) andH1299 (E,F) lung cancer cells from flowcytometry. The cellswere

treated for 3 days with the vehicle (DMSO), 10 μMofDNDA and the cells were subjected to analysis on a BD FacsCanto II cytometer. The late apoptosis of DNDA treated cells (A549)

were significantly higher than the control. The data represents n =3 independent experiments, Mean ± S.D. Statistical analysis was performed using one-wayANOVA followed byTukey’s

post-hoc test. Statistical significance is represented by p value where * < 0.05, ** < 0.01, *** < 0.001.
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Western blot analysis (Figure 5A). There was a significant

reduction in the phosphor levels of PKC- ι (T555) by 46%

(p = 0.0002) and FAK (Y397) in A549 cells upon treat-

ment with DNDA. In comparison, there was no significant

reduction in phospho PKC-ζ T410 (12%) in A549 lung

cancer cells. There was a significant decrease in phospho-

PKC- by 18% (p = 0.004), and there was no significant

decrease in phospho-PKC-ζ (7.5%) or phospho- FAK (4%)

in H1299 lung cancer cells; likewise, we observed no

significant changes in the expression of total PKC-ι and
FAK in both A549 & H1299 lung cancer cells with DNDA

treatment for 3 days (Figure 5B and C). These results

suggest that targeting PKC-ι inhibition will decrease the

FAK activity in lung cancer cells, making the DNDA an

excellent candidate for lung cancer treatment.

Small-Interfering RNA (siRNA)
To establish a proof of concept that aPKCs were regulating the

phosphorylation of FAK, we treated cells with siRNA against

PKC-ι and PKC–ζ. The A549 lung cancer cells were trans-

fected with either one of the three siRNA sequences for both

PKC-ι and PKC–ζ, while we used a scrambled RNA sequence

as a control. By running the Western blot analyses, we ana-

lyzed the effectiveness of each sequence as it pertains to

knocking down the target protein expression. Results showed

that siRNA sequence B significantly reduced the PKC-ι
expression by 53% (p < 0.01) compared to other sequences

(Figure 6A and E).Moreover, siRNA sequence A significantly

decreased the PKC-ζ expression by 40% (p < 0.01) compared

to other sequences (Figure 6B and E). We used siPRKCI

sequence B and siPRKCZ sequence A to establish the

mechanism of aPKCs in regulating FAK activity.

Interestingly, knocking down PKC-ι significantly reduced

FAK expression by a figure of 34% (p < 0.01)

(Figure 6C and F). On the contrary, knocking down PKC-ζ
did not change the expression of FAK (Figure 6D and F).

ImmunoPrecipitation (IP)
To investigate the association of aPKCs with FAK and

Cbl-b, we individually considered IP PKC-ι, PKC-ζ,
FAK, Cbl-b and checked for the associated proteins by

performing Western blot analyses. Our results showed

there was an association of PKC-ι with FAK and the

reverse IP also showed an association of FAK with

PKC-ι (Figure 7A and B). The PKC- ζ showed no obser-

vable association with FAK (Figure 7C). Cbl-b did not

associate with either PKC-ι or PKC- ζ, (Figure 7A, C, D)
but there was an association between Cbl-b and FAK

(Figure 7B and D). The FAK IP sample treated with

DNDA 10 μM showed increased FAK degradation when

we detected cleaved FAK fragment at approximately 100

kDa (Figure 7B). The extent of association of various

proteins between the control and DNDA treated groups

were quantified in the bar graph (Figure 7E–G). From the

immunofluorescence images (Figure 7H), it is evident the

DNDA treated cells had cleaved FAK when compared to

control cells.

Kinase Assay
Considering the association of PKC-ι and FAK in the

A549 lung cancer cells, we wanted to determine whether

FAK was the direct substrate of PKC-ι. Toward this goal,

we performed an in-vitro kinase activity assay. Derived

from the co-IP of PKC-ι and FAK, the data revealed that

A B C

Figure 5 Effect of DNDA on the expression of phospho and total aPKCs, and FAK in metastatic (H1299, A549) lung cancer cells. (A) Western blot analysis for the effect of

DNDA in A549 and H1299 lung cancer cells following 3 days of treatment with DNDA 10μM on the expression of phospho and total PKC-ι, PKC-ζ, and FAK. Equal amounts

of protein (30 μg) were loaded in SDS-PAGE as normalized by loading control β-actin. (B) The bar graph depicts the densitometry of phospho PKC-ι, PKC-ζ, and FAK levels

upon DNDA 10μM treatment in H1299 lung cancer cells and (C) A549 lung cancer cells. The data represents three independent experiments, Mean ± S.D. * represents

p value where * < 0.05, ** < 0.001.
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the levels of p-FAK and FAK had noticeably increased

compared to those of individual IP samples. We did not

observe any association of p-PKC-ι with individual IP

FAK, indicating that the FAK is a possible downstream

substrate of PKC-ι in A549 lung cancer cells. Reduction of

PKC-ι expression by the DNDA also caused a marked

reduction in the levels of p-PKC-ι, p-FAK and FAK

(Figure 8A–E). Such data suggests that FAK is down-

stream of PKC- ι.

Ubiquitination
We investigated the ubiquitination of FAK by employing

three different methods. First, we applied a conventional

method in which the FAK was IP and probed with the

ubiquitin antibody. The immunoblot showed the smear of

bands when developed for the ubiquitin, and a FAK band

(125 kDa) increased by 40% in the DNDA-treated lane

(Figure 9A). Second, we performed the UbiTest, which

offered a greater number of advantages compared to the

conventional methods in terms of finding the FAK

ubiquitination. Figure 9B shows that lanes (1–4)

remained unincubated with MG132, and lanes (5–8)

were incubated with MG132 for 4 hrs prior to collecting

the lysate (Figure 9B). The PBS-treated (non-DUB-

treated) lane (e.g., lane 5) contains all the ubiquitylated

proteins from the lysate. These proteins travel at higher

molecular weights and are very difficult to visualize.

However, in the corresponding DUB-treated lane (e.g.,

lane 6), ubiquitin removal means that any ubiquitylated

proteins travel at their unmodified molecular weight. If

the protein of interest is ubiquitylated, we therefore

expect to see the increase of a band at the unmodified

molecular weight of that protein in the DUB-treated lane

of that sample. When we probed the blot for the ubiqui-

tin, it became evident that the DUB-treated lanes had

a less intense smear of bands compared to those of the

non-DUB-treated lanes. When we probed the blot for

FAK (lane 5), FAK and its cleaved products were

visually predominant compared to DUB-treated

(lane 6). Lane 8 (DNDA- and DUB-treated) had 66%

A C

B D

E

F

Figure 6 siRNA treatment of A549 cells with SiPRKCI (A, B) and SiPRKCZ (C, D). Cells were plated in 60 mm flask and at 60% confluency, media was replaced with fresh

media. The siRNA concentration used was 20 nM and SiTrans1.0 was used to transfect the cells. One negative scrambled control sequence was used to ensure the targeted

gene silencing was not from the reagents. The cells were collected after 24 hrs of transfection and subjected to Western blotting to determine the expression of proteins

PKC-ι, PKC-ζ and β-actin. (E, F) Results showed that for PRKCI, the Sequence B knocked down more PKC-ι when compared to other sequences and Sequence A worked

for PKC-ζ. Interestingly, knocking down PKC-ι reduced the protein level of p-FAK and FAK. In Contrast, knocking down PKC-ζ did not reduce the expression level of p-FAK

and FAK. The data represents three independent experiments, Mean ± S.E.M. * represents p value where * < 0.05, ** < 0.005.
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A
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F

H

G

Figure 7 (A-D) Immunoprecipitation results showing the association of PKC-ι with FAK and FAK with Cbl-b. Initially, 3 μg of PKC-ι, PKC-ζ, FAK and Cbl-b were IP

separately from whole cell lysates of control and DNDA treated A549 NSCLC cells and probed with various antibodies to determine the association between PKC-ι,
PKC-ζ, FAK and Cbl-b. Immunoblots showed the association of PKC-ι with FAK, Cbl-b with FAK. In FAK IP samples, cleaved fragments of FAK were observed with the

treatment of DNDA. There was no association found between PKC-ζ with FAK or Cbl-b. (E-G) Bar graphs show the densitometry of the associated proteins between

control and DNDA treated cells (H) Immunofluorescence of FAK also complements FAK cleavage with treatment of DNDA when compared to the cells treated with

vehicle (DMSO).

A B

C D E

Figure 8 Kinase activity assay of PKC-ι on FAK phosphorylation. (A) A549 cells were treated with either DMSO or DNDA 10μM for 3 days. PKC-ι and FAK were IP (3 μg)
separately and co-IP from whole cell extracts using specific antibodies. The proteins were then separated by SDS-PAGE, followed by immunoblotting to determine the p-

PKC-ι at T555, PKC-ɩ, p-FAK (Y-397) and FAK. The inhibition of PKC-ι activity by DNDA, inhibits the phosphorylation of FAK. (B-E) Densitometry was used to quantify the

intensity of respective bands. The data represents three independent experiments; Mean ± S.D.
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more FAK and cleaved FAK than lane 7 (DNDA- and

non-DUB-treated) (Figure 9B and C)

Last, we employed the SiRNA treatment with siPRKCI

in the presence of MG132 to check whether the proteaso-

mal inhibitor treatment would bring back the FAK expres-

sion. In theory, if the proteasome is inhibited,

ubiquitinated proteins cannot be degraded. The Western

blots data showed that PKC- ι knockdown decreased the

expression of FAK by 70% in the absence of MG132. On

the contrary, FAK expression returned with siPRKCI in the

presence of MG132 by 40% (Figure 9D and E). This data

implies that FAK undergoes ubiquitination and the pre-

sence of MG132 inhibited its subsequent degradation.

Scratch Assay
To examine the anti-migratory effect of DNDA in the

A549 lung cancer cells, we employed a scratch wound

healing assay. We treated cells either with vehicle control

or DNDA for 24, 48 and 72 hr. Control cells demonstrated

their migration potential consider the results of 62%

wound repair in 72 hr, and DNDA suppressed the wound

healing by 21%. This implies that DNDA treatment inhi-

bits A549 lung cancer cell migration (Figure 10A and B).

Invasion and Migration
We plated the A549 cells in the upper chamber of 96-well

Transwell permeable support coated with and without BME,

which allowed us to study the invasive and migratory abilities

of lung cancer cells. The lower chamber was supplied with

media that possessed 10% FBS, which attracted the cells to

migrate. We treated the cells with DNDA for 3 days, fixing

cells in the lower chamber with 4% paraformaldehyde and

staining them with 0.5% Crystal Violet in 1% ethanol. Cells

were washed with PBS and counted using the ImageJ software

FIJI bundle. DNDA treatment reduced the invasive behavior

of A549 cells by 50% (p = 0.002) and significantly decreased

migration potential by 60% (p = 0.005) (Figure 10C and D).

These results suggest that DNDA reduces the invasion and

migration of A549 lung cancer cells.

Discussion
Remarkable advances in molecular pathology have

enhanced understanding of the underlying heterogeneity

A B C

D E

Figure 9 Determination of ubiquitination of FAK in A549 lung cancer cells by the treatment with DNDA 10μM for 3 days. (A) The IP of FAK (3 μg) was immunoblotted for

ubiquitin and found that there was an increase in the FAK (125 kDa) band in the DNDA treated. (B, C) UbiTest was employed to determine the ubiquitination of FAK. The

results showed the FAK (125 kDa) and cleaved FAK (100 kDa) were ubiquitinated with the DNDA treatment. (D) To explore the PKC-ι involvement in the ubiquitination of

FAK, after transient transfection, cells were treated with 20μM proteasomal inhibitor MG-132 or DMSO for 4 hrs before collecting the lysates. The FAK protein expression

was concurrently decreased when PKC-ι was repressed in the absence of MG132. However, FAK expression was increased when PKC-ι was repressed in the presence of

MG132. (E) The intensity of respective bands were quantified by using densitometry. This result indicate that the ubiquitinated FAK undergoes proteasomal degradation and

PKC-ι regulates this process.
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of NSCLC. Studies have clearly identified specific onco-

genic mutations and multiple signaling pathways that lead

to malignant transformations in lung cancer.26 Atypical

PKCs are the most common dysregulated kinases in

breast, prostate, colon, pancreatic, kidney and liver

cancers.27 PKC-ι is overexpressed in NSCLC cell lines

and primary tumors, and there is compelling evidence

that the PKC-ι isozyme is an oncogene in NSCLC.28

Recently, our laboratory published a study on the effect

of DNDA on cell proliferation, apoptosis and its role in the

EMT pathway of metastatic melanoma cells.29 The nature

of aPKCs functionality and involvement with major cancer-

causing pathways such as AKT, NFκB and WNT drove us

to focus on a detailed investigation into lung cancer. Our

collaborator docked more than 300,000 compounds against

the two isoforms of aPKCs. Out of this in-silico experiment,

we identified the DNDA small molecule as one of the best

hits of aPKCs. Our recently published study showed that

DNDA interacted with the catalytic domains of PKC- ι

(amino acid residues of Asp 339, Asp 382, Leu 385 and

Thr 395) and PKC-ζ (at Asp 337, Asp 380, Leu 383 and Thr

393). Moreover, DNDA showed selective inhibition of

PKC-ι and PKC-ζ from the kinase activity data.29 We

investigated the role of aPKCs in NSCLC carcinogenesis.

After examining the levels of aPKCs, we found PKC-ι

protein expression to be significantly higher in both meta-

static A549 and H1299 lung cancer cells, whereas there was

no increase in the expression of PKC-ζ in metastatic A549

and H1299 lung cancer cells; these results support other

findings.30 Normal lung cells showed low levels of aPKCs

(Figure 1A and B). Such findings suggest a relationship

between cell growth and aPKCs, which agrees with data

from other studies.9 The cell viability data showed that

DNDA treatment resulted in a significant decrease in the

cell viability of metastatic lung cancer cells (Figure 3). The

apoptotic markers determined by Western blot demon-

strated that DNDA treatment also induced apoptosis in

metastatic lung cancer cells (Figure 4A and B).

Furthermore, flow cytometry data complemented these

findings (Figure 4C–F).

A B

C D

Figure 10 (A, B) DNDA impairs the in-vitro migration potential of A549 lung cancer cells independent of cell proliferation. (A) The A549 lung cancer cells were grown in

6- well plates and after the monolayer was formed, scratch was made using sterile 20 μL pipette tip, cells were washed with PBS and the treated with DNDA 10μM each day

and photographs were captured for three days. The cells were starved for 24 hrs before the scratch was made to avoid the wound healing from the cell proliferation. (B) the
bar graph represents the wound closure rate of DNDA treated cells compared to those of Control cells (untreated cells). (C, D) Crystal violet staining was performed to

show the inhibition of invasion and migration of the A549 lung cancer cells by DNDA treatment. The cells were platted in upper chamber of 96-well Transwell permeable

support (pore size: 0.8 μm) coated with BME and without coating to study the invasive and migration ability of A549 lung cancer cells. The 10% FBS was added to the lower

chamber. The cells were treated for 3 days and cells that are invaded and migrated to the lower chamber were stained with crystal violet. The number of invasive and

migratory cells were counted by using the ImageJ software. The DNDA treatment for 3 days reduced the invasion and migration of A549 lung cancer cells. Data represents

the n=3 independent experiments, mean ± S.E.M. * represents p value where ** < 0.005, *** <0.0005.
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To investigate the role of aPKCs in the carcinogenesis

of NSCLC, we examined the phospho levels of PKC-ι,

PKC-ζ and FAK in metastatic A549 and H1299 lung

cancer cells (Figure 5). Data revealed that, when treated

with DNDA, there was a significant reduction in the phos-

phorylation of PKC-ι and FAK in A549 lung cancer cells

and no significant reduction in the phosphorylation of FAK

in H1299 lung cancer cells. Furthermore, when we immu-

noprecipitated FAK after DNDA treatment, we found there

to be an increase of protein cleavage of FAK in compar-

ison to the control. This infers that FAK is being degraded

upon treatment of DNDA.

To elucidate how the aPKCs regulate the FAK protein

expression, we performed siRNA experiments for aPKCs.

The resulting data showed that the knock down of PKC-ι

resulted in a significant decrease in FAK expression. On

the contrary, the knock down of PKC-ζ had no effect in

terms of FAK expression (Figure 6). This data suggests

that PKC-ι is involved in regulating FAK but not PKC-ζ in

A549 lung cancer cells.

Additionally, in this study we explored the association

of aPKCs with FAK and Cbl-b. Our resulting data indicated

an association of PKC-ι with FAK (Figure 7A and B). Our

results agreed with Jie Shen et al18 in which NNK promotes

migration and invasion of lung cancer cells through activa-

tion of a c-Src/PKC-ι/FAK loop. Moreover, we observed

cleaved fragments of FAK in the DNDA-treated IP (FAK)

sample, suggesting that DNDA treatment degrades FAK.

This finding was also complemented by immunofluores-

cence data (Figure 7H), where FAK cleavage was also

observed with the DNDA treatment. Moreover, an in-vitro

kinase assay revealed that PKC-ι and FAK were associated,

but it also revealed that DNDA treatment decreased the

FAK phosphorylation and dissociation (Figure 8).

In previous studies, the ubiquitination of FAK via Cbl-b

resulted in cell detachment in gastric cancer MGC803 cells.31

However, scientists have not yet investigated FAK ubiquitina-

tion via the Cbl-b pathway with PKC-ι involvement in

NSCLC. In accordance with the IP data, we observed an

association between FAK with Cbl-b (Figure 7B and D). To

explore the ubiquitination of FAK,we probed the IP (FAK) for

ubiquitin and showed an increase in the FAK band at 125 kDa

with DNDA treatment (Figure 9A). Data from the UbiTest

also demonstrated that the DNDA treatment caused higher

ubiquitinated FAK and its cleaved products (Figure 9B).

Furthermore, we examined the involvement of PKC-ι in

FAK degradation. We treated the A549 lung cancer cells

with siPRKCI as well as the proteasomal inhibitor (MG132),

then applied aWestern blot analysis. The data showed that the

knock down of PKC-ι significantly reduced the expression of

FAK in the absence of MG132. On the contrary, there was

a significant increase in FAK levels in the presence ofMG132,

indicating the role of PKC-ι in FAK protein stability

(Figure 9D and E).

The most common feature of cell motility is the forma-

tion of the F-actin rich protrusions by which cells extend

forward to adhere to their surroundings. A recent study found

that, in lung cancer adenocarcinoma cells, the downregula-

tion of PKCζ/Pard3/Pard6 mediated EMT and invasion.32

The migration of A549 lung cancer cells from the scratch

assay showed that DNDA treatment for 3 days had decreased

the migratory ability of lung cancer cells (Figure 10A and B).

The invasion and migration analysis of A549 cells demon-

strated that DNDA treatment also caused a significant

Control

DNDA 10 µM

Figure 11 Effect of DNDA on the F-actin organization in A549 lung cancer cells. F-actin reorganization was modulated by DNDA 10μM treatment for 3 days in A549 cells.

Actin organization was visualized by performing the F-actin staining with Phalloidin TxRed. White arrows, in the vehicle control cells, indicate the membrane protrusions

enriched in actin meshwork, which is characteristic for motile cells. In contrast, cells treated with DNDA were flattened with visible, stretched actin stress fibers.
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reduction of the invasion of cells and a dramatic decrease in

migratory behavior (Figure 10C and D). Jie Shen et al

demonstrated that specific inhibition of c-Src, PKC-ι or

FAK expression by RNA interference significantly reduced

NNK-induced cell migration and invasion.18 Our data sug-

gests the DNDA treatment reduces A549 lung cancer cell

invasion and migration. Moreover, the phalloidin F-actin

staining revealed that the DNDA treatment reduced the

actin polymerization (Figure 11). The pathway by which

aPKC regulates F-actin expression is still elusive, and further

efforts are required to understand the mechanisms underlying

NSCLC metastasis.

In conclusion, the sequence of events following the treat-

ment of DNDA of lung cancer cells is illustrated by the

mechanism described in Figure 12. DNDA treatment disrupts

the association of PKC-ɩ and FAK, leading to the ubiquitina-

tion of FAK by Cbl-b (an E3-ligase). Subsequently, the

ubiquitinated FAK is recognized and degraded by the 26S

proteasome system; such degradation affected the down-

stream signaling pathways of migration and invasion.
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