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Abstract
Elevated valosin containing protein (VCP/p97) levels promote the progression of non-small

cell lung carcinoma (NSCLC). Although many VCP inhibitors are available, most of these ther-

apeutic compounds have low specificity for targeted tumor cell delivery. Hence, the primary

aim of this study was to evaluate the in vitro efficacy of dendrimer-encapsulated potent VCP-

inhibitor drug in controlling non-small cell lung carcinoma (NSCLC) progression. The VCP

inhibitor(s) (either in their pure form or encapsulated in generation-4 PAMAM-dendrimer with

hydroxyl surface) were tested for their in vitro efficacy in modulating H1299 (NSCLC cells) pro-

liferation, migration, invasion, apoptosis and cell cycle progression. Our results show that VCP

inhibition by DBeQwas significantly more potent than NMS-873 as evident by decreased cell

proliferation (p<0.0001, MTT-assay) and migration (p<0.05; scratch-assay), and increased

apoptosis (p<0.05; caspase-3/7-assay) as compared to untreated control cells. Next, we

found that dendrimer-encapsulated DBeQ (DDNDBeQ) treatment increased ubiquitinated-pro-

tein accumulation in soluble protein-fraction (immunoblotting) of H1299 cells as compared to

DDN-control, implying the effectiveness of DBeQ in proteostasis-inhibition. We verified by

immunostaining that DDNDBeQ treatment increases accumulation of ubiquitinated-proteins

that co-localizes with an ER-marker, KDEL. We observed that proteostasis-inhibition with

DDNDBeQ, significantly decreased cell migration rate (scratch-assay and transwell-invasion)

as compared to the control-DDN treatment (p<0.05). Moreover, DDNDBeQ treatment showed a

significant decrease in cell proliferation (p<0.01, MTT-assay) and increased caspase-3/7

mediated apoptotic cell death (p<0.05) as compared to DDN-control. This was further verified

by cell cycle analysis (propidium-iodide-staining) that demonstrated significant cell cycle arrest

in the G2/M-phase (p<0.001) by DDNDBeQ treatment as compared to control-DDN. Moreover,

we confirmed by clonogenic-assay that DDNDBeQ treatment significantly (p<0.001) inhibits

H1299 colony-formation as compared to control/DDN. Overall, encapsulation of potent VCP-

inhibitor DBeQ into a dendrimer allows selective VCP-mediated proteostasis-inhibition for con-

trolling NSCLC-tumor growth and progression to allow tumor-targeted sustained drug delivery.
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Introduction
Valosin-containing protein (VCP or p97) is a promising molecular target for anti-cancer drug
therapeutics. VCP/p97 is an AAA ATPase molecular chaperone that has been shown to be
involved in a variety of different cellular processes including, proliferation, apoptosis, tran-
scription and cell cycle etc [1–7]. VCP regulates these processes by the ubiquitin-proteasome
system (UPS). The UPS is a system that manages intracellular levels of all proteins (folded and
misfolded) by tagging the proteins with ubiquitin and then transporting these tagged proteins
to the proteasome for degradation [1, 4, 8]. Thus, UPS plays a critical role in controlling impor-
tant cellular mechanisms such as apoptosis, replication and proliferation. Our lab and others
have previously shown that cancerous cells have increased levels of VCP, which allows the can-
cer cells to proliferate and metastasize [1, 2, 4, 8]. Inhibition of this protein’s function has
shown promise in decreasing cancerous cellular growth by inducing apoptosis while inhibiting
the cell cycle and migration [1–5, 7]. VCP has also been shown to inhibit IκB, which is the
endogenous inhibitor of NFκB, a transcription factor that promotes cellular (cancer cell) prolif-
eration and inhibits apoptosis. Thus, increased NFκB levels promote the anti-apoptotic and
pro-metastatic abilities the cancerous cell exhibit [1, 2, 4, 9]. There have been many different
VCP inhibitors identified with relatively modest potency. Hence, each of these drugs show dif-
ferent efficacy in different cell lines. Some of the strongest VCP/p97 inhibitors (NMS-873 and
DBeQ) discovered recently [3, 5, 7, 8, 10] are utilized in this project with an aim to develop a
novel anticancer therapeutic. NMS-873 is a noncompetitive inhibitor while DBeQ is an ATP-
competitive inhibitor of VCP/p97 [3, 5, 7, 8, 10, 11]. NMS-873 is a very potent and specific
inhibitor of VCP that has been shown to activate the unfolded protein response (UPR), inter-
fere with autophagy and induce cancer cell death [7, 8, 10]. Similarly, DBeQ has shown poten-
tial in significantly inhibiting vital protein-degradation pathways such as the ERAD
(endoplasmic reticulum associated degradation) and the UPS as well as autophagy [1–7].
There are several issues that come with inhibiting VCP in normal non-cancer cells. For
instance, VCP is found in all cells and is essential for many healthy cellular processes. If we aim
to inhibit this protein, we need to provide sustained and targeted drug delivery. Another issue
is that many of the potent VCP inhibitor drugs are not water soluble, and lack adequate speci-
ficity for tumor-targeted proteostasis-inhibition. Our lab and others have studied the applica-
tion of nanodelivery systems to overcome these issues. Several previous studies have looked
into utilizing a variety of polymers as nano-drug delivery systems [12–16]. These nano-poly-
mers have been studied in a wide variety of ailments including neurological disorders, cystic
fibrosis and various types of cancers [12, 13, 16, 17]. Although, these polymers allow sustained
and targeted drug release of water insoluble drugs to become solubilized [12, 13, 17], they have
certain limitations for tumor targeting [15, 17]. Hence, this study utilizes a dendrimer that acts
similar to the polymers and has an in-built ability to target tumorogenesis, which can be further
improved by utilizing specific molecular targets such as VCP [15]. Polyamidoamine dendri-
mers or PAMAM dendrimers have been extensively studied and have shown substantial poten-
tial as a targeted nanodelivery system [15]. These precise nanomaterials can encapsulate a drug
and allow its release overtime. Moreover, PAMAM dendrimers (DDN) have been shown to
have anti-cancer properties by themselves, even without the encapsulation of anti-cancer drug
[15]. Thus, dendrimers encapsulated with an anti-cancer drug are anticipated to be exception-
ally potent and tumor-specific. Therefore, this study utilizes a dendrimer encapsulating a
potent VCP-inhibitor, DBeQ, to provide a targeted and sustained drug delivery to the non-
small cell lung carcinoma cells (NSCLC). Our preliminary results demonstrate that
G4-PAMAM dendrimers with encapsulated DBeQ (DDNDBeQ) can successfully inhibit VCP
proteostasis-function. DDNDBeQ also inhibits H1299 cell proliferation and migration/invasion
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while increasing apoptosis. Moreover, DDNDBeQ arrests NSCLCs in the G2/M-phase of the cell
cycle, providing a proof of concept evidence for future in vivo analysis and further development
of this novel nano-formulation for controlling NSCLC metastasis.

Materials and Methods

Culture Conditions, Transfection and Treatments
H1299 cells [1] were cultured in DMEM/F-12 media supplemented with 10% fetal bovine
serum (FBS) and 1% Penicillin, Streptomycin and Amphotericin (PSA) and maintained at
37°C/5% CO2 atmosphere. In order to determine the more effective VCP inhibitor, cells were
treated with either NMS-873 or DBeQ, at a final concentration of 25μM or 50μM.When utiliz-
ing the dendrimers, the final concentration of the drug-treatment was used to set an
indicated μM-concentration and equal volumes of dendrimers or PBS were used as controls. In
order to visualize ubiquitin-accumulation, cells were transiently transfected with Ubiquitin-
RFP plasmid using LipofectamineTM 2000 reagent (Invitrogen). After 24 hours, cells were
treated with either empty dendrimer (DDN), dendrimer-encapsulated DBeQ (DDNDBeQ), or
PBS (vehicle-control) for 24 hours. Images were captured using the ZOE™ Fluorescent Cell
Imager [18].

Cell Migration Assay
H1299 cells were plated onto a 6-well plate with DMEM/F-12 media containing 10%-FBS and
1% PSA and allowed to grow to ~90% confluence (24 hours). A 10μL pipette tip was used to
make a scratch through the middle of the plate. Cells were gently washed (twice) with PBS and
fresh media was added to the wells along with the indicated treatments. When comparing the
two known potent VCP inhibitors, each well was treated with equimolar concentrations of the
inhibitors (NMS-873 or DBeQ, 50μM) or the DMSO control-vehicle. The cells were allowed to
migrate for 12 hours and images of the scratch width were taken at 0, 6 and 12 hours after the
initial scratch. These images were captured using a Nikon Eclipse TS100 inverted light micro-
scope and a 10x phase objective. The scratch widths were measured using the Infinity Analyze
software. The same protocol was utilized when comparing the efficacy of DDN and the
DDNDBeQ (50μM) [1].

Cellular Proliferation Assay
The MTS/MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell prolifera-
tion assay was used to monitor changes in cell growth [1]. H1299 cells were plated into a 96
well plate at 5,000 cells per well. Cells were left overnight to allow adhesion and treated follow-
ing morning. Fresh media (DMEF/12 +10%-FBS + 1% PSA) was added to each well with
NMS-873 (25/50μM), DBeQ (25/50μM) or DMSO-vehicle treatments as indicated. After a
24-hour treatment, 10μL of MTS/MTT reagent (Cell Titer 961 AQueous One Solution, Pro-
mega) was added to each well. The plate was incubated at 37°C in the CO2 incubator for at
least 2 hours. After incubation, the plate was read at 490nm on a SpectraMaxM5 microplate
reader (Molecular Devices). The same protocol was used for comparing differences in prolifer-
ation rates with dendrimer (DDN), DBeQ- encapsulated dendrimer (DDNDBeQ, 50μM) or PBS
vehicle-control treatment.

Caspase-3/7 Enzyme Assay
The caspase 3/7 activity was quantified utilizing the Caspase-Glo1-3/7 Assay (Promega) [1].
The H1299 cells were seeded on an opaque-bottom 96-well plate (5,000 cells/well) and cultured
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overnight. The media was replaced and the cells were treated with either NMS-873/DBeQ (25/
50μM), or vehicle DMSO-control to obtain a final volume of 100 μL. The cells were treated for
24 hours followed by the addition of 100μL of freshly prepared caspase-3/7 reagent. The plate
was incubated at room temperature for 1 hour followed by measurement of changes in lumi-
nescence of each well using a SpectraMaxM5 microplate reader (Molecular Devices). The same
protocol was used for comparing differences in apoptosis after the dendrimer (DDN), DBeQ
encapsulated dendrimer (DDNDBeQ, 50μM) or PBS control-vehicle treatment.

DBeQ Encapsulation in PAMAMDendrimer and Transmission Electron
Microscopy
DBeQ (5 mg, 1.5x10-5 mole, 5 equivalents per dendrimer) was first added to a 10 mL round
bottom flask with a stir bar followed by 5 mL dimethylsulfoxide at room temperature. Next, we
added to this mix a PAMAM dendrimer, DAB core, G = 4, hydroxyl surface (from ethanol-
amine; MW = 14,305; 46 mg, 3.1x10-6 mole) dissolved in 3 mL methanol. This mixture was
stirred under nitrogen while sealed with a polypropylene cap for 48 hours at room temperature.
The resulting mixture was purified using a Sephadex LH-20 column (10 g of resin in methanol)
and eluted with methanol. Fractions containing dendrimer were collected and evacuated using
high-speed vacuum to give a constant weight of 40 mg dendrimer (DDN) or dendrimer-DBeQ
(DDNDBeQ) formulation product. Transmission electron microscopy (TEM) was used to deter-
mine the dendrimer size and shape. Briefly, dendrimer were drop-coated on a carbon-coated
copper grid for TEM-based size measurement and analysis as recently described [13].

Transwell Invasion Assay
H1299 cells were seeded and directly treated on a T-25 cell culture flask (Fisher Scientific). Fol-
lowing a 24-hour treatment of either empty dendrimer, dendrimer encapsulated DBeQ
(50μM) or vehicle-control PBS, the cells were trypsinized and counted. These treated cells were
plated (10,000/well) onto matrigel (Corning, 200μg matrigel per 400μL of serum free media)
coated transwell insert (0.4μm pores, Corning). Cells were allowed to migrate for 24 hours
under indicated treatments and transwell (blue) were counted using a Nikon Eclipse TS100
inverted light microscope and data is shown as mean ± SEM [1].

Immunoblotting
H1299 cells were treated on six well plates with either NMS-873 (25μM or 50μM), DBeQ
(25μM or 50μM) or left untreated. After 24 hours of treatment, whole cell protein extracts were
obtained by adding RIPA buffer, supplemented with 0.5 M EDTA and 1x HaltTM Protease
inhibitor cocktail (Thermo Fisher) to each well. The proteins were separated using SDS-PAGE
and then immunoblotted onto nitrocellulose membrane. The ubiquitin (Santa Cruz Biotech-
nology, 1:1000), NFκB (Santa Cruz Biotechnology, 1:1000) and β-actin (equal loading control,
Sigma, 1:10,000) antibodies were used as primary antibodies, while goat anti-mouse IgG HRP
and goat anti-rabbit IgG HRP were used as a secondary antibodies (1:6000, Amersham). The
membranes were visualized using the Clarity™Western ECL Blotting substrate (Bio-Rad) and
C-DiGit Blot Scanner (LI-COR). The same protocol was used when comparing empty-dendri-
mer (DDN), DBeQ (50μM), dendrimer encapsulated DBeQ (DDNDBeQ, 50μM), and vehicle-
PBS control with the exception of a longer treatment period (48 hours) in order to better detect
long term effects of proteins involved in tumor growth and progression.
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Immunofluorescence Staining and Microscopy
H1299 cells were plated onto a 12-well plate and treated with either dendrimer (DDN), dendri-
mer encapsulated DBeQ (DDNDBeQ, 50μM) or vehicle PBS control. After 24 hours of treat-
ment, cells were fixed using 4%-paraformaldehyde and permeabilized with Triton-X 100,
0.5%). The fixed cells were immunostained with ubiquitin primary antibody (1:500 dilution in
0.5% goat serum, Santa-Cruz Biotechnology). After 1 hour, secondary goat anti-mouse IgG-TR
Texas Red antibody (1:1000 dilution in 0.5% goat serum) was added and incubated in the dark
for another hour. Hoechst stain (0.5μg/mL) was used to identify nuclei and images were cap-
tured using the ZOE™ Fluorescent Cell Imager. The data from Ub-immunostaining and Ubi-
quitin-RFP transfected cells is shown as mean ± SEM of ubiquitin-positive cells. The same
protocol was utilized for the co-staining of Ubiquitin and KDEL. The primary antibodies used
were ubiquitin and KDEL (1:500 dilution in 0.5% goat serum, Affinity Bioreagents). The sec-
ondary antibodies were goat anti-mouse Texas Red and goat anti-rabbit CFL-488 (1:1000 dilu-
tion in 0.5% goat serum).

Flow Cytometry Based Cell Cycle Analysis
H1299 cells were treated with either NMS-873 (50μM, positive-control), DBeQ (50μM, posi-
tive-control), empty dendrimer (DDN), dendrimer encapsulated DBeQ (DDNDBeQ, 50μM) or
vehicle-control PBS for 24 hours. After treatment, cells were washed with PBS, fixed in ice-cold
ethanol (70% v/v) and stored at -20°C overnight. Next morning, cells were washed with PBS
(2x) and then re-suspended in propidium iodide stain (PI, 10μg/mL Sigma-Aldrich) with
RNase A (20μg/mL, Invitrogen) and BSA (0.1% w/v). The cell suspension was added to a FACS
tube and incubated at room temperature in dark for 2 hours. The DNA content of the treated
cells were measured using a BD FACS Aria II instrument while the data was analyzed using the
BD FACS DIVA software.

Clonogenic Assay
For standard clonogenic assay, molten-agarose (45°C) was added to complete media
(DMEM/F12 with 10% FBS and 1% PSA) at 0.6% final-concentration. This DMEM/
F12-agarose mix was quickly pipetted into a 12-well plate and allowed to reach the room
temperature. Next, H1299 cells (2.0 x 105 cells/well) were similarly suspended in 0.3%-aga-
rose and were quickly pipetted onto the base agarose layer. This layer was again allowed to
completely solidify at room temperature. Wells were then treated with either vehicle-con-
trol, DBeQ (50μM, positive-control), DDN or DDNDBeQ (50μM). After the treatment, the
plate was kept at 37°C in a CO2-incubator till colonies were visible (~4 days). Images were
captured using the Nikon Eclipse TS100 inverted light microscope (10x phase objective).
The average area of clearly visible colonies were counted and quantified using the Infinity
Analyze software.

Statistical Analysis
Data is represented as mean ± SEM with at least three parallel or independent experimental
replicates. Significance was determined using a two-tailed unpaired t-test. A p-value less than
0.05 was considered significant. Densitometry was performed using the Image Studio Digits
4.0 software program as we previously described [1].
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Results

DBeQ Is a Potent Inhibitor of Cell Migration and Viability in Non-Small
Cell Lung Cancer (NSCLC) Cells
Valosin containing protein (VCP/p97) regulates crucial cellular pathways like cell proliferation,
migration and apoptosis [1–7]. We and others have previously shown that elevated VCP pro-
tein expression not only correlates with the pathogenesis of NSCLC but also regulates critical
mechanisms associated with NSCLC progression and metastasis [1–5, 8, 10, 11, 19]. In this
study, we first aimed to compare two potent VCP inhibitors, NMS-873 and DBeQ [3, 5, 7, 8,
10], to determine which of these drugs provide better anti-cancer efficacy, once encapsulated
in the dendrimer. To compare the two drugs, we first performed the cell migration (scratch),
MTT (proliferation) and capase-3/7 (apoptosis) assays at two different drug concentrations.
Both inhibitors decreased the rate of progression of H1299 cells into the scratch as compared
to the vehicle control (DMSO) (p<0.05) but DBeQ treatment was more effective in controlling
cell migration as compared to NMS-873 (Fig 1A and 1B, p<0.05). To further compare the effi-
cacy of DBeQ and NMS-873 in controlling H1299 cell proliferation [3, 5, 7, 8, 10], a MTS/
MTT assay was performed with both drugs at two different concentrations. We found that

Fig 1. VCP Inhibition by DBeQ effectively controls H1299 proliferation andmigration while inducing
apoptosis. (A) A uniform scratch was made using a 10μL pipette tip on H1299 confluent six well plates
(n = 3). Each well was treated with NMS-873, DBeQ or vehicle-control (DMSO) at 25μM final concentration.
Pictures were taken by Infinity Analyze software every 6 hours for 12 hours to quantify changes in migration.
(B) The data indicates that DBeQ significantly inhibits the migration of the H1299 cells (p<0.05) as compared
to untreated controls or NMS-873 treated cells. (C) H1299 cells were seeded on a 96-well plate and treated
with NMS-873 (25/50μM), DBeQ (25/50μM) or DMSO (vehicle-control) for 24 hrs. The Cell Titer AQueous
One Solution MTS/MTT reagent (Promega) was added to each well, 1 hour before stopping the experiment
and a microplate reader was used to quantify changes in cell viability (n = 5) at the 24-hour time point. Data
indicates that DBeQ treatment leads to a more significant (p<0.001) decrease in cell proliferation, as
compared to NMS-873. (D) H1299 cells were seeded on a 96-well plate and treated with NMS-873 (25/
50μM), DBeQ (25/50μM) or DMSO-control (vehicle). After 24 hours, caspase-3/7 activity was measured
using the luminescence caspase-3/7 Glo Assay Kit (Promega). Data shows a significant increase in caspase-
3/7 activity with DBeQ treatment as compared to DMSO-control (p<0.05) at both concentrations.

doi:10.1371/journal.pone.0158507.g001
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DBeQ treatment has a significantly greater inhibitory effect on cell proliferation as compared
to the vehicle control or NMS-873, at both 25μM (p<0.001) and the 50μM (p<0.0001) concen-
trations (Fig 1C). Next, we compared the efficacy of the two drugs based on their ability to
induce apoptosis of H1299 cells using a caspase-3/7 assay. In a previous study, DBeQ is shown
to limit cancer cell growth via induction of caspase-mediated cell death [5]. Corroborating
with previous report [5] and our proliferation data, we demonstrate here that DBeQ treatment
significantly increased caspase-3/7 activity at both 25μM (p<0.05) and 50μM (p<0.05) con-
centrations as compared to NMS-873 and vehicle-control (DMSO) (Fig 1D). Based on this
comparative data, we selected DBeQ for encapsulation in the dendrimer for further evaluation
of its efficacy against NSCLC (H1299 cells).

Dendrimer-Encapsulated DBeQ Inhibits Migration and Invasion of
NSCLC
The potential anticancer drug, DBeQ [3], needs to be selectively targeted to tumor cells since it
impacts several housekeeping functions including proteostasis. Hence, DBeQ was encapsulated
in a G4-PAMAM dendrimer (DDNDBeQ) to develop an effective chemotherapeutic interven-
tion that will not impact normal cells. For encapsulation, DBeQ was added to hydroxyl-termi-
nated generation 4 PAMAM dendrimer. The encapsulated dendrimer-drug complex was
purified from free drug by size exclusion chromatography. DBeQ becomes encapsulated and
solubilized within the cavities of the dendrimer as shown in Fig 2D. Once the DBeQ was encap-
sulated, TEM images were captured in order to determine the dispersion and size of the nano-
particles. The images revealed that the dendrimer particles (average size around 6 nm) were
larger than a G4-dendrimer, which is approximately 4 nm (Fig 2A and 2B). The nanoparticles
that contained the DBeQ were significantly larger (Fig 2A and 2B, p<0.001) implying that the
drug was successfully encapsulated into the dendrimer. Next, we compared the potency of den-
drimer-encapsulated DBeQ (DDNDBeQ) to the empty dendrimer (DDN) based on their ability
to modulate cell proliferation, migration and apoptosis. As anticipated, DDNDBeQ treatment
significantly inhibited cell migration as compared to control (PBS) or DDN (Fig 3A and 3B,
p<0.05) treated H1299 cells. A comparison of cell migration inhibiting potential of DBeQ vs.
DDNDBeQ indicates that DDNDBeQ is more effective in inhibiting cellular migration (scratch
width) as compared to DBeQ (Fig 3C). Although, DBeQ shows slightly less potency than
DDNDBeQ in inhibiting cell migration, its cellular toxicity is much higher, as observed in our
other experiments (Fig 4A and 4B), thus making it non-specific for selective tumor cell target-
ing. Key to developing an effective cancer drug formulation is an effective control of tumor
growth by a non-toxic compound, properties that are difficult to achieve with a free drug.
Thus, dendrimer based tumor-targeted DBeQ delivery can allow development of an effective
chemotherapeutic intervention that will not affect normal cells. In further analysis, DDNDBeQ

treatment significantly decreased cell proliferation (Fig 3D, p<0.01), while increasing caspase-
3/7 activity, as compared to the control (PBS) or DDN (Fig 3E, p<0.05). To further validate
the potential of DDNDBeQ in inhibiting cancer cell progression, a transwell cell invasion model
was used to quantify changes in tumor (H1299) cell migration/invasion through a matrigel
matrix, after treatment with either DDN or DDNDBeQ. The data shows that the number of
migrated cells (trypan-blue positive cells) was significantly decreased upon treatment with
DDNDBeQ as compared to DDN-control (Fig 3F, p<0.01). These results suggest that treatment
with DDNDBeQ inhibits the NSCLC proliferation and migration (metastatic potential), while
inducing its apoptosis, indicating its potency as a therapeutic candidate to restrict NSCLC
growth and progression.
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Dendrimer-Based VCP-Inhibition Induces Accumulation of
Ubiquitinated-Proteins and Inhibits NFκB-Expression
Elevated VCP levels are known to be associated with increased cell survival and metastasis of
NSCLC cells [1, 2, 4] via an increased NFκB-mediated pro-survival mechanism [1, 2, 4, 9].
This is attributed to an increased ubiquitin-dependent proteasomal degradation (component
of proteostasis) of IκB, an inhibitor of NFκB. We postulated that potent VCP-inhibition using
both NMS-873 or DBeQ (25μM or 50 μM) would block VCP-mediated proteostasis that will
not only lead to NFκB-inhibition but also hamper NSCLC cell growth and invasion due to
aggregation of ubiquitinated-proteins in the endoplasmic reticulum (ER). As anticipated, we
found that treatment of H1299 cells with both concentrations of NMS-873 leads to accumula-
tion of ubiquitinated-proteins in the soluble protein-fraction (potentially ER), as compared to
the untreated control (Fig 4A), implying proteostasis-inhibition [1, 20]. There is also a slight
decrease in the NFκB expression when treated with NMS-873 as compared to the untreated
control. DBeQ proved to be exceptionally toxic to the H1299 cells by 24hrs of treatment (Fig
4A), which gets worse with longer 48hrs of treatment (Fig 4B) as seen by significant decrease
or absence of a house keeping protein, β-actin in spite of equal total protein loading. A signifi-
cant accumulation of ubiquitinated-proteins and decreased levels of the critical metastatic

Fig 2. Characterization of dendrimers and DBeQ-loaded dendrimers. (A) Transmission electron
microscopy (TEM) images were captured in order to determine the dispersion and size of the empty and
DBeQ-loaded dendrimers. (B) QUARTZ PCI TEM analysis software was used to quantify the average
diameter of the dendrimers from TEM images. Dendrimer encapsulated DBeQ shows a significant increase in
the size of the nanoparticle (p<0.001) indicating that drug was successfully encapsulated. (C) Chemical
structure of N², N⁴Dibenzylquinazoline-2,4-diamine (DBeQ, Sigma). (D) Schema showing encapsulation of
DBeQ by the dendrimer.

doi:10.1371/journal.pone.0158507.g002
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mediator NFκB was also observed in DDNDBeQ treated H1299 cells (Fig 4B) as compared to
control/DDN. These results suggest that DDNDBeQ mediated VCP/proteostasis-inhibition
might be the underlying mechanism behind the observed decrease in cell proliferation and
migration/invasion, and increased apoptotic cell death in DDNDBeQ treated NSCLC cells. In
order to further confirm these findings, H1299 cells were transfected with ubiquitin-RFP for 24
hrs and then treated with PBS (control), DDN or DDNDBeQ followed by fluorescence micros-
copy to quantify the changes in number of ubiquitin-RFP positive cells. We found that accu-
mulation ubiquitinated-proteins (red) in DDNDBeQ treated cells seems to be primarily
localized in ER due to its proximity to the nuclei. Our data demonstrates that DDNDBeQ treat-
ment leads to an increase in the number of ubiquitin-positive cells (Fig 5A and 5B, p<0.01)

Fig 3. Dendrimer-encapsulated DBeQ significantly inhibits H1299migration and proliferation while
inducing apoptosis. (A) A uniform scratch was made using a 10μL pipette tip on a H1299 confluent six well
plate. Each well was treated with dendrimer (DDN), DDNDBeQ and vehicle-control (PBS) at 50μM final
concentration for drug (DBeQ) at indicated time points. Pictures were taken by Infinity Analyze software every
6 hours for 12 hours to quantify changes in migration. (B) This data indicates that DDNDBeQ significantly
inhibits the migration of the H1299 cells (p<0.05) as compared to DDN or vehicle-control. (C) DBeQ data from
Fig 1B was compared with the data in Fig 3B in order to compare the effects of the dendrimer encapsulated
DBeQ, DDNDBeQ to direct DBeQ treatment. Data shows DDNDBeQ significantly inhibits the migration of the
H1299 cells (p<0.05) as compared to DDN or vehicle-control and is more effective as compared to direct
DBeQ treatment. (D) H1299 cells (5,000/well) were seeded on a 96-well plate and treated with Dendrimer
(DDN), DDNDBeQ (50μM) or 1x PBS (vehicle-control) for 24 hrs. The Cell Titer AQueous One Solution MTS/
MTT reagent was added to each well, 1 hour before stopping the experiment and a microplate reader was
used to quantify the H1299 cell viability (n = 5) at the 24 hour time point. Data indicates a significant (p<0.01)
decrease in cell proliferation by -inhibition using DDNDBeQ as compared to DDN or vehicle-control. (E) H1299
cells were seeded on a 96-well plate and treated with dendrimer (DDN), DDNDBeQ (50μM) or 1x PBS (vehicle-
control). After 24 hours, caspase-3/7 activity was measured using caspase-3/7 Glo luminescence Assay Kit
(Promega). Data shows a significant increase in caspase-3/7 activity in DDNDBEQ treated cells as compared
to the DDN or vehicle-control (p<0.05). (F) H1299 cells were treated with vehicle-control, DDN or DDNDBeQ

(50μM) for 24 hours and transferred to transwell inserts (BD, 0.4μm pores) coated with 200mgMatrigel
basement matrix mix for additional 24 hours incubation. Following final incubation, cells that had migrated to
the bottom of the membrane were stained with trypan blue and the microscopic field of each insert was
visualized using a Nikon light microscope (n = 5, mean ± SEM). The data shows that DDNDBeQ treatment
significantly inhibited the invasion of migrating cells as compared to the DDN (p<0.01).

doi:10.1371/journal.pone.0158507.g003

Dendrimer-Based Proteostasis-Inhibition in NSCLC

PLOSONE | DOI:10.1371/journal.pone.0158507 July 19, 2016 9 / 18



validating that VCP inhibition negatively impacts proteostasis, thereby potentially controlling
NSCLC progression. These results were further confirmed using ubiquitin-immunostaining
and fluorescence microscopy of H1299 cells treated with PBS (control), DDN or DDNDBeQ for
24 hours. The data verifies our transfection and immunoblotting results and shows that
DDNDBeQ treated cells had significantly elevated ubiquitin-accumulation (Fig 6A and 6B,
p<0.05). We also confirmed that the ubiquitinated-protein accumulation is occurring within
the ER by co-staining with an ER-marker, KDEL. We observe significantly higher numbers of
Ub-KDEL positive cells (Fig 6C and 6D, p<0.001) in DDNDBeQ treated cells as compared to
the control/DDN groups, verifying ER accumulation of ubiquitinated-proteins as anticipated
due to VCP-mediated proteostasis dysfunction. Overall, these results suggest that DDNDBeQ

treatment effectively inhibits VCP function as seen by selective proteostasis obstruction (ubi-
quitin-accumulation). We postulate VCP mediated proteostasis-inhibition as a potential mech-
anism for DDNDBeQ mediated control of NSCLC growth and progression.

Fig 4. VCP inhibition induces accumulation of ubiquitinated-proteins and decreases NFκB-
expression. (A) A western blot analysis of ubiquitin, NFκB and β-actin in soluble protein-fraction of H1299
cells was performed. Cells were seeded on 6-well plates and treated either with NMS-873 (25μM or 50μM),
DBeQ (25μM or 50μM) or left untreated for 24 hours. After treatment, cells were lysed and soluble protein
fraction prepared for theWestern blot. Equal amount of protein samples were separated on 10% SDS-PAGE.
The primary antibodies used were a mouse monoclonal ubiquitin/β-actin (1:1000) or a rabbit monoclonal
NFκB. Goat anti-mouse HRP (1:6000) or goat anti-rabbit HRP (1:6000) were utilized as secondary antibody.
The result indicates that NMS-873 had increased ubiquitinated-protein accumulation with little to no change
in NFκB expression with both doses of the treatment. The results indicate that NMS-873 may alter VCP
function, thus causing proteostasis-inhibition. The DBeQ immunoblots were not utilized to draw any
conclusion on its effect on ubiquitinated-proteins and NFκB-expression due to significant inhibition of the
house keeping protein, β-actin in spite of equal loading of total soluble protein. (B) The same protocol was
used when comparing vehicle (PBS), DBeQ, empty dendrimer (DDN) or DBeQ-loaded dendrimer (DDNDBeQ,
50μM) with the exception of the longer treatment time (48 hours). We observed significant increase in
ubiquitinated-protein accumulation in the DDN/DDNDBeQ treated samples as compared to the control-vehicle,
although DDNDBeQ was most effective as anticipated. The increase in ubiquitinated-protein accumulation in
soluble protein-fraction suggests that the DDNDBeQ treatment alters VCP-function resulting in proteostasis-
inhibition and ER-accumulation of these proteins. We also see a significant decrease in expression of tumor-
mediator, NFκB in DDN/DDNDBeQ treated samples as compared to the control-vehicle, although DDNDBeQ

was most effective as anticipated. The DBeQ immunoblots were not utilized to draw any conclusion on its
effect on ubiquitinated-proteins and NFκB-expression due to significant inhibition of the house keeping
protein, β-actin, which is used as the loading control.

doi:10.1371/journal.pone.0158507.g004
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Dendrimer Mediated VCP-Inhibition Arrests Cell Cycle Progression of
NSCLC
We have previously shown that VCP inhibition by shRNA or small molecule inhibitor (Eer1)
causes cell cycle arrest at the G0/G1 phase (~1.25 fold, control vs shRNA/Eer1) in H1299 cells
[1]. Here, we investigated the impact of two different VCP inhibitors (NMS-873 and DBeQ)
and a dendrimer-encapsulated VCP-inhibitor (DDNDBeQ) on H1299 cell cycle progression by
utilizing propidium iodide (PI) staining, as described earlier [1]. First, we analyzed the VCP
inhibitors as positive controls and found that both inhibitors caused cell cycle arrest in the G2/
M phase of the cell cycle (Fig 7A and 7B) as compared to untreated control. We then tested the
efficacy of dendrimer-DBeQ formulation (DDNDBeQ) designed for tumor targeting and found
that there is a similar significant cell cycle arrest in the G2/M phase (Fig 7A and 7B, p<0.001)
with DDNDBeQ treatment (~1.5–2.03 fold; DDNDBeQ vs DDN/PBS-controls) as compared to
the DDN/PBS-controls. The DDNDBeQ treatment had 72.9% cells arrested in the G2/M phase
while the DDN-control (48.6%) and PBS-control (35.9%) group had much lower percentages

Fig 5. The number of ubiquitin-positive cells significantly increases with DDNDBEQ treatment. H1299
cells were plated on a 12-well plate and transfected with RFP-ubiquitin. After 24 hours, the cells were treated
with control-vehicle (PBS), dendrimer (DDN) or DBeQ-encapsulated dendrimer (DDNDBeQ, 50μM). ZOE™
Fluorescent Cell Imager was used to capture bright-field and fluorescent images after 48 hours of
transfection. Scale bars = 56μm. The results show a significant increase in the number of ubiquitin-positive
cells upon DDNDBeQ treatment as compared to the control-vehicle or DDN (p<0.01). The ubiquitinated-protein
accumulation in DDNDBeQ treated cells is primarily in areas around nucleus suggesting ER-accumulation of
these proteins.

doi:10.1371/journal.pone.0158507.g005
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of cells within this phase. Moreover, the data also demonstrates that the increase in number of
cells in the G2/M phase corresponds to a significant decrease in the number of cells in the G0/
G1 phase. The current data as compared to previous findings using VCP shRNA or Eer1 [1]
indicate a higher potency of current VCP targeting strategy (DBeQ/NMS-873 or DDNDBeQ).
In conclusion, our present data verifies the vital role of VCP in cell cycle progression of H1299
cells verifying its crucial function in promoting tumor growth. Thus, selectively inhibiting
VCP’s functions can be developed as potent therapeutic strategy to control NSCLC growth and
metastasis, which warrants further standardization in pre-clinical murine models to ensure
tumor specific drug delivery.

Selective VCPMediated Proteostasis-Inhibition Controls NSCLC
Colony-Formation
We next investigated if VCP mediated proteostasis-inhibition impacts NSCLC (H1299) colony
formation by performing a clonogenic assay. Briefly, H1299 cells (2.0 X 105) were seeded on a
12-well plate on the two layers of agarose (bottom base layer-0.6%, top cell layer-0.3%). Next,

Fig 6. DDNDBeQ treatment significantly increases the accumulation and ER-localization of
ubiquitinated-proteins. (A) H1299 cells were plated onto a 12-well plate and treated with the vehicle-control
(PBS), dendrimer-control (DDN) or the DBeQ-encapsulated dendrimer (DDNDBeQ, 50μM). After 24 hours
exposure, the cells were fixed using the 4%-paraformaldehyde and then stained with the primary antibody
(1:1000, Ub, mouse monoclonal) followed by a secondary antibody (1:1000, goat anti-mouse IgG Texas
Red). Hoechst staining (blue) was used to localize the nuclei. ZOE™ Fluorescent Cell Imager was used to
capture brightfield and fluorescent images where scale bars represent 56μm in length. (B) This data shows
an increase in ubiquitinated-protein accumulation in the cells treated with DDNDBeQ as compared to vehicle/
DDN-control. These results suggest that dendrimer-encapsulated DBeQ is effective in inhibiting VCP
function within the cell causing increased accumulation of ubiquitinated-proteins (potentially in ER) by
selective proteostasis-inhibition. (C) H1299 cells were plated onto a 12-well plate and treated with the
vehicle-control (PBS), dendrimer-control (DDN) or the DBeQ-encapsulated dendrimer (DDNDBeQ, 50μM).
After, 24 hours of treatment, cells were fixed using 4%-paraformaldehyde and then stained with the primary
antibodies (1:1000, Ub, Mouse monoclonal and 1:1000, KDEL, rabbit polyclonal) followed by secondary
antibodies (1:1000, goat anti-mouse IgG Texas Red and 1:1000, goat anti-rabbit IgG CFL-488). ZOE™
Fluorescent Cell Imager was used to capture bright-field and fluorescent images to identify changes in
expression and localization of ubiquitinated-proteins with DDNDBeQ treatment. (D) The number of Ub/KDEL
co-stained cells (yellow) were quantified for each treatment group. The results show a significant increase in
accumulation and co-localization of ubiquitinated-proteins with an ERmarker, in the DDNDBeQ treatment
group as compared to the control PBS-vehicle or DDN treatments (p<0.001). These results confirm that the
DDNDBeQ causes accumulation of ubiquitinated-proteins in ER suggesting selective VCPmediated
proteostasis-inhibition.

doi:10.1371/journal.pone.0158507.g006
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cells were treated with either control-PBS vehicle, DBeQ (positive-control), DDN or DDNDBeQ

and images were captured as discussed above in the methods. Our results indicate that DBeQ
and DDN/DDNDBeQ effectively inhibit H1299 colony formation as compared to the control
(Fig 8, p<0.0001). Although, DBeQ/DDNDBeQ were most effective, as discussed above, we
anticipate that DBeQ treatment is toxic to the cells while DDNDBeQ can allow effective chemo-
therapeutic intervention of NSCLC without affecting the normal cells. In summary, these
results indicate that DDNDBeQ has the potential to provide sustained drug delivery to tumor
cells by selectively inhibiting VCP mediated proteostasis.

Discussion
We and others have identified valosin-containing protein (VCP/p97 AAA-ATPase) as a prom-
ising therapeutic target for non-small cell lung cancer (NSCLC) and several other types of can-
cers [1, 2, 4, 10], as it regulates critical protein-homeostasis mechanisms to control levels of
multiple cellular pathways such as proliferation, migration, inflammation and apoptosis etc
[1–7, 21]. Hence, several VCP-inhibitors have been developed with a goal to allow therapeutic

Fig 7. Selective VCP inhibition induces significant cell cycle arrest in G2/M phase. (A) Following a 24-hour
treatment period with control-PBS, NMS-873/DBeQ (50μM, positive-control), dendrimer (DDN) or dendrimer-
encapsulated DBeQ (DDNDBeQ, 50 μM), cells were fixed with ice-cold 70%-ethanol followed by staining with
propidium iodide (10μg/mL) for 1 hour. The DNA content of the treated cells was captured using the BD FACS Aria II
instrument while the data was analyzed using the BD FACS DIVA software. (B) Our results indicate that there is
significant cell cycle arrest in the G2/M phase when treated with dendrimer-encapsulated DBeQ (DDNDBeQ)
(p<0.001) as compared to controls (PBS/DDN). As anticipated, NMS-873 and DBeQ controls (positive) also show
significant cellular arrest in the G2/M phase as compared to the vehicle-control (PBS) (p<0.01). Data shows that
DDNDBeQ treatment is effective in selectively inhibiting VCP-function resulting in the decrease in the number of cells
undergoing mitosis as seen by significant increase in G2/M arrest.

doi:10.1371/journal.pone.0158507.g007

Fig 8. Selective VCPmediated proteostasis-inhibition controls the growth of NSCLC colonies.H1299
cells were suspended in serum containing media with 0.3% agarose and plated over a 0.6% agarose base
layer on a 12-well plate (2.0 x105/well) (n = 3). Fresh media with control-PBS-vehicle, empty-dendrimer
(DDN), DBeQ (50μM, positive control) or DBeQ-encapsulated dendrimer (DDNDBeQ, 50μM) was added to the
top of the cells suspended in agarose. The plate was kept in a 37°C incubator until colonies were visible and
pictures were captured using a Nikon Eclipse TS100 inverted light microscope at 10x phase objective
magnification. The average number and area of colonies were quantified using the Infinity Analyze software.
The data indicates that DBeQ, DDN and DDNDBeQ treatments significantly decrease the number and area of
NSCLC colonies as compared to PBS-vehicle control (p<0.001). These results support our findings that
dendrimer encapsulated DBeQ is effective in limiting NSCLC growth suggesting its potential in controlling
tumor progression and metastasis.

doi:10.1371/journal.pone.0158507.g008
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intervention but the concern with most of these VCP inhibitors is their low potency [3] and
significant toxicity, which can lead to non-specific activity on normal cells. In order to develop
an effective cancer drug formulation, one has to achieve effective control of tumor growth
while making sure compound is non-toxic, although it is difficult to achieve these properties
with a free drug. Hence, we utilized here a dendrimer-encapsulation of a potent VCP inhibitor
drug, DBeQ, in order to circumvent this problem and allow tumor-specific targeting by using a
sustained and targeted drug release system. We demonstrate that dendrimer-encapsulated
DBeQ (DDNDBeQ) shows substantial promise in controlling NSCLC (H1299) cell proliferation
and migration, while inducing cell cycle arrest and caspase-3/7 activity. We further validate
proteostasis-inhibition (ubiquitin accumulation) as the underlying mechanism of DDNDBeQ

mediated obstruction of NSCLC growth and progression.
Our group and others have previously discussed and reported the critical pathogenic role of

VCP in neurological disorders, cystic fibrosis (CF), chronic obstructive pulmonary disease
(COPD) and various forms of cancers including NSCLC [1, 2, 4, 22–24]. We have reported the
in vitro and in vivo anti-cancer potential of inhibiting VCP expression or function using si/sh-
RNA or small-molecule drugs such as Eeyarestatin I (EerI) in our earlier study [1]. As dis-
cussed before, VCP is crucial for maintaining normal protein homeostasis, as it is involved in
the degradation of misfolded proteins via ERAD (endoplasmic reticulum associated protein
degradation) or a peri-nuclear autophagy that mediates cytosolic clearance of aggresomes [4,
10, 11]. Cancer cells are rapidly dividing and metabolically more active than normal cells, thus
requiring a more robust proteostasis mechanism. This is achieved by a significantly higher
expression of VCP in a myriad variety of cancer cells, including NSCLC [1, 2, 4, 10, 22]. There-
fore, VCP inhibiting drugs need to specifically target cancerous cells while not impacting nor-
mal cells where optimal VCP-function is essential. As discussed above, although many VCP
inhibitors are available, they are not useful therapeutics due to their un-specificity [3] and tox-
icity. These factors pose significant challenge in using VCP as a target for anti-cancer therapeu-
tics. Hence, in this study we synthesized a dendrimer-based nano-drug formulation to increase
specificity and provide sustained targeted-delivery of potent VCP inhibitor to the cancer cells.
We first sought to determine which VCP inhibitor would provide the most significant inhibi-
tory effect on NSCLC (H1299 cells). To this end, we tested two potent VCP inhibitors; NMS-
873, a non-competitive inhibitor of VCP function, and DBeQ, an ATP-competitive inhibitor,
for their potency against H1299 cells. Our preliminary results show that although both drugs
controlled cell migration and proliferation, and enhanced caspase 3/7-mediated apoptosis.
Moreover, NMS-873 increased the accumulation of ubiquitinated-proteins and decreased
NFκB protein expression in H1299 cells. Intriguingly, DBeQ treatment causes excessive cellular
toxicity as seen by significant decrease in the expression of the housekeeping protein, β-actin.
Based on our overall results where DBeQ demonstrates better efficacy in the functional assays
as compared to NMS-873, we selected DBeQ for encapsulation into the dendrimer to improve
its effectiveness in selectively targeting tumor cells and allowing controlled drug release for
selective VCP mediated proteostasis-inhibition of NSCLC.

Dendrimer-based therapeutics have gained substantial success in tumor-targeting and sus-
tained drug delivery in variety of cancers, including NSCLC [15, 25–27]. In one study, a
tumor-specific peptide conjugated to a G4-PAMAM dendrimer, was described as a potential
drug carrier with tumor-specific targeting characteristics [25]. Here, we first needed to evaluate
whether the dendrimer-encapsulated DBeQ (DDNDBeQ) impeded NSCLC cell migration and
proliferation, while also increasing apoptosis. We report here that DDNDBeQ formulation not
only decreased the toxicity of DBeQ but also provide a potent inhibition of cellular prolifera-
tion and migration while inducing NSCLC (H1299 cells) apoptosis. Our data highlights the
potential of DDNDBeQ in providing tumor-targeted delivery of VCP inhibitor(s) to control
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NSCLC growth, progression and metastasis. We also investigated the underlying mechanisms
of DDNDBeQ mediated impedance of NSCLC cell growth. One of the plausible mechanisms
that could direct the anti-cancer effects of DDNDBeQ is elevated ER-stress. VCP inhibition
leads to ER-overload, which if not restricted triggers ER stress [4, 5, 8, 19] and thus the activa-
tion of the apoptotic arm of the unfolded protein response (UPR), leading to initiation of cell
death pathways [4, 5, 8, 11, 19, 28]. Our data supports this, as we not only report significant
increase in ubiquitin-accumulation but also elevated apoptosis in DDNDBeQ treated H1299
cells as compared to controls. Thus, we concluded that DDNDBeQ mediates selective VCP/pro-
teostasis-inhibition as evident from the increased levels of poly-ubiquitinated proteins in solu-
ble (ER) protein-fraction instead of insoluble (cytosol, aggresome-bodies).

Given the prominent role of VCP in regulating both cellular proliferation and apoptosis, we
next postulated that inhibiting VCP might modulate the cell cycle. Our data supports this
notion and shows that NMS-873/DBeQ or DDNDBeQ mediated inhibition of VCP function
causes a significant cell cycle arrest in the G2/M phase. As anticipated, data also demonstrates
an increase in number of cells in the G2/M phase that corresponds to a significant decrease in
the number of cells in the G0/G1 phase of a particular treatment group. Numerous studies
have shown the importance of G2/M cell cycle arrest for anti-cancer therapeutics, as G2/M-
arrest indicates the cell cycle arrest during the progression into mitosis that leads to pro-
grammed tumor cell death or apoptosis [29–31]. The present data shows that DDNDBeQ effec-
tively arrests the NSCLC cell progression in G2/M phase while retaining selective VCP-
mediated proteostasis-inhibition (accumulation of ubiquitinated-proteins) property and its
potency in controlling NFκB-inhibition activity, and tumor cell cycle, growth and invasion
without inducing overall cellular toxicity as seen with DBeQ. Moreover, proposed nano-formu-
lation is more effective (DDNDBeQ) as compared to other VCP inhibiting compounds such as
Eer1, which showed only a minimal cell cycle arrest in the G0/G1 phase [1, 5, 32].

Overall, our findings not only support previous studies [1–5, 8, 10, 11, 19] but also provide
substantial evidence that selective dendrimer-based VCP-inhibition is a promising therapeutic
strategy for controlling the NSCLC progression. Moreover, the proposed strategy has a poten-
tial for potent tumor-targeted VCP-inhibition. This is the first report showing that encapsula-
tion of a potent VCP inhibitor, DBeQ into a G4-PAMAM dendrimer, not only improves the
specificity of inhibitor but also decreases the toxicity while retaining the potency. Thus, the
DDNDBeQ formulation provides significant benefits over unconjugated VCP inhibitor drugs, to
control NSCLC progression and has the potential for further development to allow tumor-tar-
geted sustained drug delivery.
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