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Abstract

The six most common missense mutations in the DNA binding domain of p53 are known as
“hot spots” and include two of the most frequently occurring p53 mutations (p53-R175H and
p53-R273H). p53 stability and function are regulated by various post-translational modifica-
tions such as phosphorylation, acetylation, sumoylation, methylation, and interactions with
other proteins including plakoglobin. Previously, using various carcinoma cell lines we
showed that plakoglobin interacted with wild-type and several endogenous p53 mutants
(e.g., R280K, R273H, S241F, S215R, R175H) and restored their tumor suppressor activities
in vitro. Since mutant p53 function is both mutant-specific and cell context-dependent, we
sought herein, to determine if plakoglobin tumor suppressive effects on exogenously
expressed p53-R273H and p53-R175H mutants are similarly maintained under the same
genetic background using the p53-null and plakoglobin-deficient H1299 cell line. Functional
assays were performed to assess colony formation, migration, and invasion while immuno-
blotting and gPCR were used to examine the subcellular distribution and expression of spe-
cific proteins and genes that are typically regulated by or regulate p53 function and are
altered in mutant p53-expressing cell lines and tumors. We show that though, plakoglobin
interacted with both p53-R273H and p53-R175H mutants, it had a differential effect on the
transcription and subcellular distribution of their gene targets and their overall oncogenic
properties in vitro. Notably, we found that plakoglobin’s tumor suppressive effects were sig-
nificantly stronger in p53-R175H expressing cells compared to p53-R273H cells. Together,
our results indicate that exploring plakoglobin interactions with p53-R175H may be useful
for the development of cancer therapeutics focused on the restoration of p53 function.

Introduction

TP53 encodes a transcription factor and tumor suppressor protein (p53) that plays essential
roles in the maintenance of genome integrity, cell cycle progression, DNA damage repair and
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apoptosis and other physiological processes such as metabolism and immune response [1-3].
It is therefore not surprising that p53 mutations occur in 50% of cancers and is associated with
tumor aggressiveness and resistance to conventional cancer therapeutics [4, 5]. p53 mutants
often lose the tumor suppressor function of the wild-type p53 protein (p53-WT), and/or gain
new oncogenic functions (gain-of-function; GOF) that activate oncogenic gene expression and
pathways thereby promoting tumorigenesis [6-16]. The majority of p53 mutations are mis-
sense and in the DNA binding domain (DBD) [17, 18] with the six most frequently occurring
DBD mutations (R175, Y220, G245, R248, R273, or R282) [3] accounting for ~30% of p53
mutations and referred to as the “hot spots” [6, 17, 19]. Mutants can be classified into two cate-
gories: conformational/structural and contact [3, 17, 20-23]. While both categories are com-
promised in their ability to bind to p53-WT target DNA sites, conformational mutants
(R175H, G245S, R249S, and R282H) do so by disrupting the conformation and folding of the
P53 protein whereas contact mutants (R273H, R248W, and R248Q) do so by affecting the
amino acid residues that are directly involved in p53-WT DNA binding while maintaining a
p53-WT-like structure [3, 17, 20-23].

We recently demonstrated that the cell adhesion protein plakoglobin interacts with endoge-
nously expressed WT as well as various p53 mutants (e.g., R280K, R273H, S241F, S215R,
R175H) endogenously expressed in cells of different tissue origins and genetic backgrounds
[24-28]. Of the p53 mutants that plakoglobin has been shown to interact with, two (the confor-
mational p53-R175H and contact p53-R273H mutants) comprise the most frequently occurring
P53 mutants that have been reported to function in a cell-context dependent manner [29-34].

In this study, we sought to determine the effects of plakoglobin on p53-R273H and
p53-R175H mutants expressed in the same genetic background. The value of this investigation
is to clarify and confirm plakoglobin’s tumorigenic effect on the oncogenic functions of
p53-R273H and p53-R175H mutants without the confounding contribution of cellular con-
text. Since there are no currently available cancer cell lines that endogenously express all three
proteins (plakoglobin, p53-R273H and p53-R175H), we used the p53-null and plakoglobin-
deficient H1299 non-small cell lung carcinoma cell line [25] for our studies and exogenously
expressed plakoglobin, p53-R273H and p53-R175H at respective intervals in the H1299 cells
to address our research question.

H1299 cells have been used routinely to assess the function of exogenously expressed WT
and mutant p53 proteins under the same genetic background and to the best of our knowledge,
H1299 is the only available plakoglobin-deficient and p53 null cell line that is uniquely suited
for this study. We show for the first time that plakoglobin differentially affected the oncogenic
properties of p53-R273H and p53-R175H mutants expressed in the same cell line-H1299. Spe-
cifically, we found that plakoglobin co-expression led to a stronger inhibition of the tumori-
genic properties of the conformational p53-R175H mutant relative to that of the contact
p53-R273H mutant. We propose that plakoglobin interaction with p53-R175H mutant and its
subsequent tumorigenic functions can be exploited for the development of effective therapies
for p53-R175H-expressing tumors focused on the restoration of wild-type p53 functions.

Materials and methods
Cell lines and culture conditions

All tissue culture reagents were purchased from Gibco unless otherwise stated. The human pla-
koglobin deficient and p53 null non-small cell lung carcinoma cell line H1299 was provided by
Dr. Roger Leng, University of Alberta and has been previously described (S1 Fig) [25]. H1299
cells and its transfectants were maintained in minimum essential medium (MEM) supple-
mented with 10% fetal bovine serum (HyClone Laboratories, USA), 1% penicillin-
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streptomycin and 5 ug/mL kanamycin (complete MEM, CMEM). SKOV-3 ovarian carcinoma
cell line was purchased from American Type Culture Collection (ATCC) and cultured in Dul-
becco’s modified eagle medium: F12 medium (DMEM/F12, 1:1) supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin and 5 ug/mL kanamycin.

Plasmid construction and transfection

HA-tagged p53, pcDNA3-plakoglobin-FLAG and p53"'”°" (p53 in which arginine 175 is
replaced with histidine) expression constructs and their respective H1299 transfectants have
been described previously [25, 26, 35, 36]. The pCMV-Neo-Bam-p53**”*" (p53 in which argi-
nine 273 is replaced with histidine) plasmid was purchased from Addgene (USA). p53**7*"
transfectants were generated using the jetOPTIMUS™ (Polyplus, France) DNA transfection
reagent following the manufacturer’s protocol. Cells were transfected with either 5 ug of
pCMV-p53°27*H (hereafter H1299-p53-273) alone or with 10 pg of pcDNA3-plakoglobin plas-
mids (H1299-PG-p53-273). Stable cell lines were selected by supplementing CMEM with

800 pg/mL G418 (p53-273 transfectants) or 800 pug/mL G418 and 600 ug/mL hygromycin
(PG-p53-273 transfectants) 48 hours post-transfection. Stable transfectants were maintained
in 400 ug/mL G418 (H1299-p53-273) or 400 ug/mL G418 and 400 pg/mL hygromycin
(H1299-PG-p53-R273H). p53 and plakoglobin expression were verified using immunofluores-
cence (not shown) and immunoblot assays. All experiments were carried out with stable trans-
fectants unless indicated otherwise.

Cell extraction and immunoblotting

Equal amounts of total cellular proteins from 100 mm cultures were processed for extraction
with RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCI pH 7.4, 1% NP-40, 0.25% sodium
deoxycholate, ] mM EDTA, 1 mM PMSF, 1 mM NaF, 1 mM Na;VO,, and Roche protease
inhibitor cocktail, Sigma, Canada) and immunoblotting using primary and secondary antibod-
ies. Antibodies were diluted in 5% gelatin TBST (Tris-buffered saline, 0.1% Tween 20) to their
respective working concentrations (Table 1) and used for immunoprecipitation (IP) or immu-
noblot (IB) assays [25, 26, 28]. Blots were scanned and protein bands were quantitated using
the NIH Image]J software. Protein levels were normalized to internal controls (tubulin/actin or
lamin) in the same cell line.

Immunoprecipitation

Equal amounts of RIPA extracted total cellular proteins were processed for co-immunoprecip-
itations with p53 and plakoglobin antibodies or pre-immune serum followed by immunoblot-
ting as described previously [24-26].

Subcellular fractionation

Cell pellets from 100 mm cultures were extracted with NE-PER™ Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific) according to the manufacturer’s protocol. Unless oth-
erwise stated, cytoplasmic and nuclear extracts of equal cell numbers were resolved by
SDS-PAGE and processed for immunoblot [24, 26]. The purities of cytoplasmic and nuclear
extracts were verified by immunoblotting with tubulin and nuclear lamin antibodies.

Immunofluorescence

SKOV-3 cells were grown to confluency on glass coverslips and processed for staining as
described previously [25]. Briefly, coverslips were fixed in ice-cold methanol-acetone (1:1) and
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Table 1. List of primary and secondary antibodies used in various assays.

Antibody Species Assays Manufacturer/Catalogue #
Primary 1P IB IF
AKT2 Mouse - 1:1000 - Santa Cruz # sc-5270
pAKT Rabbit 1:1000 - Cell Signaling # 9271
B-Actin Mouse - 1:1000 - Santa Cruz # sc-47778
f3-catenin Mouse - 1:1000 - MilliporeSigma # c-7207
B-tubulin Mouse - 1:1000 - Developmental Studies Hybridoma Bank (E7)
GST (Glutathione S-transferase) Goat - 1:1000 - Cytiva # 27-4577-01
Lamin B Rabbit - 1:1000 - Abcam # ab16048
Nucleophosmin (NPM) Mouse - 1:2000 - Abcam # ab10530
p53 Mouse 1:100 1:1000 - Santa Cruz # sc-126
Plakoglobin Mouse 1:100 1:1000 1:100 BD Bioscience # 610253
Secondary
AlexaFluor 790 Mouse - 1:30,000 - Jackson Immuno Research # 211-652-171
AlexaFluor 790 Goat - 1:30,000 - Jackson Immuno Research # 115-655-174
AlexaFluor 680 Goat - 1:30,000 - Jackson Immuno Research # 115-625-174
Li-Cor IRDye®-800CW Donkey - 1:20,000 - LiCor # LIC926-32214
Alexa 488 anti-mouse IgG Goat - - 1:1000 Molecular Probes/A11029

https://doi.org/10.1371/journal.pone.0306705.t001

processed for indirect immunofluorescence with plakoglobin antibodies followed by second-
ary antibodies. Antibodies were diluted in PBS-BSA to the concentrations indicated in Table 1.
Nuclei were stained with DAPI (1:2000 in PBS) and coverslips were viewed using a Zeiss con-
focal microscope.

Preparation and purification of GST-plakoglobin

A construct encoding pGEX-TEV-PG was kindly provided by Dr. William Weis [37]. Escheri-
chia coli DH5a. cells were transformed by pGEX-TEV-PG constructs to express PG-GST. Cells
were grown in Luria-Bertani broth at 37°C to an Agq of 0.6-0.8 and then induced with 0.5
mM IPTG (isopropyl-B-D-1-thiogalactopyranoside, Thermo Fisher, Canada). Cultures were
grown for an additional 6 hours at 30°C, harvested by centrifugation at 4,000 x g at 4°C for 12
min and the supernatants were discarded. Pellets were resuspended in 6 mL of cold bacterial
lysis buffer (500 mM NaCl, 0.5% NP-40, 50 mM Tris-HCI pH 7.6, 5 mM EDTA, 5 mM EGTA,
1 mg/mL lysozyme, 10 mM DTT, 2.5 U/mL DNase, ] mM PMSF and an EDTA-free protease
inhibitor cocktail tablet) and lysed via sonication. Lysates were centrifuged at 10,000 x g for 25
min at 4°C and the supernatants were divided into 1 mL aliquots, snap frozen and stored at
-80°C.

GST pull-down assay

A one mL aliquot of PG-GST bacterial lysate was incubated with 150 pL of glutathione sephar-
ose beads (GE Life Sciences) on a rocker-rotator at 4°C for 6 hours. Beads were centrifuged at
21,000 x g for 1 min and supernatants were aspirated. Beads were washed 3x using cold KCI-
PBS (0.137 M NacCl, 0.0027 M KCl, 0.01 M Na,HPO4, 0.0018 M KH,PO,) and stored in KCI-
PBS at 4°C. Cells from 100 mm cultures of H1299 and H1299-p53-(WT, R175H, R273H)
transfectants were extracted in 750 uL RIPA lysis buffer for 20 min on a rocker-rotator at 4°C.
The lysates were centrifuged at 48,000 x g for 10 min at 4°C and supernatants were removed.
For pull down assays, 600 pL of cell lysates were mixed with 50 pL PG-GST or GST (control)
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Table 2. List of primers and their sequences used in real-time quantitative PCR assays.

Gene Primers
PUMA Forward
Reverse
S100A4 Forward
Reverse
BAX Forward
Reverse
ACTB Forward
Reverse

https://doi.org/10.1371/journal.pone.0306705.t002

Sequences (5-'3")
ACGACCTCAACGCACAGTACGA
CCTAATTGGGCTCCATCTCGGG
CAGAACTAAAGGAGCTGCTGACC
CTTGGAAGTCCACCTCGTTGTC
TCAGGATGCGTCCACCAAGAAG
TGTGTCCACGGCGGCAATCATC
CACCATTGGCAATGAGCGGTTC
AGGTCTTTGCGGATGTCCACGT

beads and incubated on a rocker rotator for 4-6 hours at 4°C. The beads were washed 3x with
RIPA lysis buffer, eluted with 4x SDS sample buffer and processed for immunoblot using p53

and plakoglobin antibodies.

RNA isolation, RT-PCR and real-time PCR

Cells grown in 100 mm culture dishes were processed for total RNA extraction using the
RNeasy Plus Mini Kit (Qiagen) and 1 pg of RNA was used to synthesize cDNA with a Quanti-
Tect Reverse Transcription Kit (Qiagen). For real-time PCR, SYBR Green Master Mix
(Thermo Fisher) and specific primers [Integrated DNA Technologies (IDT)] for PUMA,
S100A4, BAX and ACTB (Table 2) were used. Quantitative reverse transcriptase PCR
(qRT-PCR) was done using a 7500 ABI Thermocycler. Data were normalized to the internal
control (ACTB) and fold changes were calculated based on the 2724 method. Results are pre-
sented as means * SD in histograms constructed by normalizing the values of the H1299
mutant p53 cells to p53-WT cells, and the values of the PG-p53 transfectants to their corre-

sponding p53-only expressing cells.

In vitro soft agar colony formation assay

Cultures were seeded at 7,500 cells in 35 mm culture plates containing 0.6% base agar and
0.35% top agar (Noble Agar, Thermo Scientific) in CMEM. Plates were incubated at 37°C, 5%
CO, for two weeks and supplemented with 0.3 mL CMEM every three days. The colonies were
fixed and stained with a solution containing 0.05% w/v crystal violet, 1% formaldehyde and
1% methanol in PBS for 20 minutes, destained in water overnight at room temperature and
colonies counted under a dissecting microscope. Colony formation results are presented in
histograms as means + SD after normalizing the values of the H1299 mutant p53 cells to
p53-WT cells, and the values of the PG-p53 transfectants to their corresponding p53 only

expressing cells.

In vitro migration and invasion assays

Migration and invasion assays were performed in triplicates using transwell inserts (Fisher Sci-
entific) as described in detail previously [25, 27, 28]. The number of migrated/invaded cells
was counted in five random fields for each membrane using NIH Image] Cell Counter soft-
ware. Migration and invasion results are presented as means + SD in histograms constructed
by normalizing the values of the H1299 mutant p53 cells to p53-WT cells, and the values of the
PG-p53 transfectants to their corresponding p53 only expressing cells.
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Statistical data analysis

All quantitative data were presented as mean + standard deviation (SD). Statistical significance
between groups were assessed using Student’s t-test for all assays except qPCR, which was ana-
lyzed by One-way ANOVA. p-values < 0.05 were considered significant in all cases. All bio-
chemical experiments were repeated at least 3 times and the figures are representative of one
typical experiment for each assay. All functional assays were repeated at least three times and
the histograms represent the average of all assays.

Results

Plakoglobin interacts with p53-WT, p53-R175H and p53-R273H mutants
in H1299 cells

As a first step in our investigations, we confirmed that exogenously expressed plakoglobin
interacted with exogenously expressed p53-WT, p53-R175H (p53-175) and p53-R273H (p53-
273) similarly in H1299 cells. To this end, H1299 cells were transfected with p53 (WT, 175 or
273) with or without plakoglobin. The expression of transfected proteins was validated by
immunoblotting of total cell extracts (TCEs) using anti-p53 or -plakoglobin (PG) antibodies
(Fig 1A). As mentioned earlier, H1299 cells lack plakoglobin expression [25]. However, we
observed a faint non-specific band in plakoglobin immunoblots (depicted with the asterisk *
in Fig 1) with the specific plakoglobin antibody used in this study. To validate the absence of
plakoglobin in H1299 parental cells, we performed immunofluorescence analysis with the
same plakoglobin antibody referenced above. As seen in S1 Fig, no plakoglobin fluorescent
staining was observed in H1299 parental cells (S1A and S1B Fig), which confirmed the
absence of plakoglobin in these cells and the non-specific nature of the band observed in our
immunoblots.

H1229 cells transiently co-expressing p53- (WT, 175 or 273) and plakoglobin were then
processed for sequential and reciprocal co-immunoprecipitation and immunoblotting with
p53 and plakoglobin antibodies. The results demonstrated that all p53 transfectants (WT, 175
and 273) co-precipitated plakoglobin. Similarly, plakoglobin co-precipitated the three forms of
p53 in all transfectants, whereas control immunoprecipitates using mouse IgG were negative
for both p53 and plakoglobin (Fig 1B). Plakoglobin (PG) interactions with the three forms of
p53 were also confirmed by GST pull-down assays. TCEs from untransfected H1299 cells (UT)
and H1299 cells transiently expressing p53- (WT, 175 or 273) were mixed with PG-GST beads
and processed for pull-down and immunoblotting with p53 antibodies. PG-GST beads pulled
down p53 in all three transfectants (Fig 1C, top) whereas GST alone beads pulled down GST
but not p53 (Fig 1C, bottom), which further confirmed the interaction of p53 and plakoglo-
bin. In addition, subcellular fractionation followed by immunoblotting with p53 and plakoglo-
bin antibodies showed the presence of both proteins in the same subcellular compartments in
all transfectants co-expressing p53 and plakoglobin (Fig 1D, * denotes non-specific band as
discussed for Fig 1A).

To explore p53 and plakoglobin interaction in another cellular system under the same
genetic background condition, we took advantage of SKOV-3 ovarian carcinoma cells that are
p53 null but express endogenous plakoglobin (Fig 2A). Immunofluorescence staining using
plakoglobin antibody showed while it was primarily localized to the membrane it was also
detected in the cytoplasm and nuclei (Fig 2B) We then examined for endogenous plakoglobin
interaction with exogenously expressed p53- (WT, 175, 273). The results of sequential and
reciprocal co-immunoprecipitation and immunoblotting of SKOV-3- p53- (WT, 175, 273)
transfectants total cell extracts using p53 and plakoglobin antibodies showed endogenous
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Fig 1. Protein expression and interaction of plakoglobin with p53-WT, p53-R175H conformational and p53-R273H contact mutants. (a) Total cellular
extracts (TCEs) from untransfected H1299 cells (UT) and H1299 transfectants expressing p53- (W'T, 175, 273) alone or together with plakoglobin (PG)
[H1299-PG-p53- (WT, 175, 273)] were processed for immunoblot using p53 and plakoglobin antibodies. Beta-tubulin was used as a loading control. (b) TCEs
from H1299-PG-p53-(WT, 175, 273) were processed for sequential reciprocal co-immunoprecipitation (Co-IP) and immunoblotting (IB) using p53,
plakoglobin and control (IgG) antibodies. Beta-actin was used as loading control. (c) Top: TCEs from H1299-p53- (WT, 175, 273) transfectants were incubated
with GST-tagged plakoglobin (PG-GST) beads and processed for GST-pull down assays and immunoblotting with p53 and plakoglobin antibodies. Samples
from the same TCEs ran on a different gel were processed for blotting with actin antibodies. Bottom: TCE from H1299-p53-WT cells was incubated with GST
only beads and processed for pull down and immunoblot with GST and p53 antibodies. (d) H1299 transfectants were processed for subcellular fractionation
using NE-PER reagent and cytoplasmic and nuclear extracts of equal cell numbers were processed for immunoblot with p53 and plakoglobin antibodies. The
purity of cytoplasmic and nuclear fractions was confirmed by immunoblotting of the equal amount of the same lysates on different gels with tubulin and lamin
antibodies respectively, which also served as loading controls. H1299- p53 and H1299-PG-p53 were run on the same gel separated by a lane. * Non-specific
band.

https://doi.org/10.1371/journal.pone.0306705.9001
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Fig 2. Plakoglobin (PG) interacted with p53- (WT, 175, 273) in SKOV-3 cells and reduced cellular invasion. (a) Total cellular extracts (TCEs) from
untransfected (UT) SKOV-3 cells and SKOV-3 transfectants expressing p53- (WT, 175, 273) were processed for immunoblotting with p53 and plakoglobin
antibodies. (b) SKOV-3 cells were grown on glass coverslip to confluency and processed for immunofluorescence staining using anti-plakoglobin antibody
(green). Nuclei were counterstained with DAPI (blue). Bar, 40 um. (c) TCEs from SKOV-3-p53- (WT, 175, 273) transfectants were processed for sequential
reciprocal co-immunoprecipitation (IP) and immunoblotting (IB) using p53 and plakoglobin antibodies. Beta-actin was used as loading control. (d) Triplicate
cultures of transfectants were processed for 24-hour transwell Matrigel invasion assays. Inserts were fixed, stained, and imaged under an inverted microscope at
20x magnification. The number of migrated or invaded cells was quantitated from five random fields using NTH Image] Cell Counter software. Results are
presented as means + SD in histograms. p values, * < 0.05, ** < 0.01.

https://doi.org/10.1371/journal.pone.0306705.9002

plakoglobin interaction with all three p53 forms (p53- WT, 175, 273) (Fig 2C). These results
validate our previous observations and indicate that plakoglobin-p53 interaction is indepen-
dent of tissue and cellular backgrounds that is, plakoglobin can still interact with all three
forms of p53- (WT, 175, 273) irrespective of endogenous or exogenous expressive pattern or
cellular background.
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https://doi.org/10.1371/journal.pone.0306705.g003

Plakoglobin co-expression differentially affects the oncogenic properties
(colony formation, migration and invasion) of p53 mutants

To assess how plakoglobin expression affects the oncogenic properties of mutant p53- (175
and 273), we performed soft agar colony formation, migration, and invasion assays on
H1299-p53- (WT, 175 and 273) transfectants independently or co-expressed with plakoglobin.
When expressed individually in H1299 cells, p53-WT reduced colony formation by over 50%,
whereas plakoglobin had no significant effect on colonogenicity (S2 Fig). Compared with
H1299-p53-WT cells, H1299-p53-175 and -273 cells exhibited increased colony formation by
~55% and 62%, respectively (Fig 3A). Notably, co-expression of plakoglobin with p53-175 or
-273 reduced colony formation by > 60% (Fig 3A), indicating that plakoglobin can suppress
colony formation induced by p53-175 and -273 in H1299 cells.

Likewise, when compared with p53-WT cells, both p53-175 and -273 transfectants showed
increased cell migration (75% and 43%; Fig 3B and S3A Fig) and invasion (45% and 17%; Fig
3C, S3B Fig), respectively. Interestingly, co-expression of plakoglobin only decreased cell
migration and invasion in p53-175 transfectants (35% and 65%, respectively) but had no sig-
nificant effect on these properties in p53-273 cells (8% and 6%, respectively) (Fig 3B and 3C,
S3A and S3B Fig). These observations signified that plakoglobin expression exerted differen-
tial in vitro anti-tumorigenic effects in different p53 mutant (p53-175 and -273) backgrounds
in H1299 cells; that is, plakoglobin reduced the colony formation properties of both

PLOS ONE | https://doi.org/10.1371/journal.pone.0306705 October 3, 2024 9/20


https://doi.org/10.1371/journal.pone.0306705.g003
https://doi.org/10.1371/journal.pone.0306705

PLOS ONE

In vitro restoration of mutant p53 function by plakoglobin

H1299-p53-175 and -273 transfectants, but only reduced the invasive and migratory properties
of H1299-p53-175 transfectants.

To confirm the anti-tumorigenic effects of plakoglobin on exogenously expressed p53
mutants, p53-175 and -273 mutants were transiently expressed in SKOV-3 ovarian carcinoma
cells-which constitute a different cellular background to H1299 cells, and invasion assays were
performed on the transfectants. We performed invasion assays only since in vitro cell invasion
is a representative of the final stage of in vivo metastasis, following cell migration. Our results
showed that only p53-175 expression significantly elevated cellular invasion relative to
p53-WT in SKOV-3 cells. Exogenous expression of plakoglobin decreased cellular invasion in
all transfectants [SKOV-3-p53- (WT, 175, 273)] (Fig 2D). Plakoglobin expression in H1299
cells [(H1299-PG-p53- (WT, 175, 273)] did not significantly decrease invasion in H1299-p53-
273 transfectants (Fig 3C), whereas exogenous expression of plakoglobin in SKOV-3 cells
decreased cellular invasion in both SKOV-3-p53-175 and -273 cells (Fig 2D).

In summary, these findings demonstrate that the functional effects of plakoglobin on
mutant p53 tumorigenic abilities may be cell context dependent as seen from the tumor sup-
pressive (inhibition of invasion and/or migration) functions of plakoglobin on p53-R175H but
not p53-R273H in H1299 cells, and on both p53-R175H and p53-R273H in SKOV-3 cells.

Plakoglobin co-expression alters PUMA, BAX and S100A4 mRNA levels

To characterize the molecular players that may contribute to the observed differential anti-
tumorigenic effects of plakoglobin on p53-R175H and -R273H, we investigated the effect of
plakoglobin on the expression of two well-studied growth-regulating and proapoptotic
p53-WT target genes—PUMA (p53 upregulated modulator of apoptosis) and BAX (Bcl2-asso-
ciated X protein) [38-47] that is known to be dysregulated in mutant p53 cells. We also exam-
ined the effect of plakoglobin on the expression of S100A4, a tumor invasion and metastasis
promoting protein known to enhance mutant p53 accumulation and oncogenic target gene
expression in cancer cells [48, 49]. We selected these genes because mutant p53 have been
shown to promote tumorigenesis by altering their expression [2, 6-9, 17, 18, 50] and earlier
studies implicated an anti-tumorigenic role for plakoglobin via the regulation of their expres-
sion [24, 26, 27, 51-54].

We first assessed the effects of individual expression of p53-W'T or plakoglobin on PUMA,
BAX and S100A4 expression in H1299 cells. We found that while p53-WT did not affect the
expression of PUMA, BAX and S100A4, plakoglobin significantly increased PUMA and BAX
but not S100A4 expression in H1299 cells (S4A-S4C Fig). These studies were done in the
absence of cellular stresses such as DNA damage or staurosporine treatment, which explains
why PUMA and BAX expression was not induced in response to p53-WT expression in H1299
cells [29, 55, 56]. Expression of mutant p53-(175, 273) in H1299 cells also did not affect the
expression of PUMA or BAX transcripts. When co-expressed, plakoglobin resulted in a signifi-
cant increase in PUMA but not BAX expression in H1299-p53-175 and -273 cells (Fig 4A and
4B) and notably, a significant increase in PUMA and BAX expression in control
H1299-p53-WT cells (Fig 4A and 4B). This indicates a role for plakoglobin in the modulation
of PUMA and BAX expression in p53-WT as well as mutant (p53-175 and -273) expressing
cells even in the absence of cellular stresses such as DNA damage [29, 55, 56].

For S100A4, we found that p53-175 significantly increased while p53-273 significantly
decreased S100A4 transcripts level in H1299 cells relative to p53-WT. Interestingly, the co-
expression of plakoglobin resulted in a significant decrease in SI00A4 levels in both
H1299-p53-175 and -273 transfectants (Fig 4C), and control H1299-p53-WT cells (Fig 4C).
Our findings again suggest a role for plakoglobin in the modulation of SI00A4 expression in
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https://doi.org/10.1371/journal.pone.0306705.9004

both p53-WT and mutant (p53-175 and -273)- expressing cells. Together, our findings demon-
strate that plakoglobin has a mutant p53-independent effect as seen by the significantly
increased PUMA and BAX transcript levels in both H1299-p53-WT and mutant (p53-175,
273) cells. Conversely, plakoglobin has a p53-dependent effect (whether wild-type or mutant)
on S100A4 expression as evidenced by the decreased trend of S100A4 expression when plako-
globin was co-expressed in either H1299- p53- (WT, 175, or 273) cells.

Plakoglobin decreases nuclear B-catenin and increases nuclear
nucleophosmin (NPM) levels in mutant p53-expressing H1299 cells

We next investigated the effects of plakoglobin on the subcellular distribution of B-catenin and
nucleophosmin (NPM) that have been linked to plakoglobin anti-tumor roles in cancer cells
[35, 57-59]. Indeed, work from our laboratory and others have previously demonstrated that a
potential mechanism of plakoglobin tumor-suppressive function is the regulation of B-catenin
subcellular distribution and oncogenic activities [35, 37, 52, 57, 58, 60, 61]. We have also
shown that plakoglobin expression in the mutant p53 (R280K)- expressing and highly invasive
breast carcinoma cells MDA-MB-231 increased nuclear NPM level and this redistribution was
concurrent with the decreased in vitro tumorigenic properties of these cells [[58] Figs 4 and 5
therein].

Analysis of the effect of the p53 mutants on the subcellular distribution of -catenin and
NPM showed that while p53-175 had no significant effect on the level of nuclear -catenin in
H1299 cells, p53-273 significantly decreased (~50%) nuclear B-catenin expression in H1299
cells relative to H1299-p53-WT cells. When co-expressed, plakoglobin resulted in a significant
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Fig 5. Plakoglobin differentially affects the nuclear level of B-catenin and nucleophosmin (NPM) in H1299 cells expressing p53- (WT, R175H, R273H)
without or with plakoglobin (PG). Equal amounts of nuclear extracts from various transfectants were processed for immunoblotting using B-catenin (a) and
NPM (b). H1299- p53 and H1299-PG-p53 were run on the same gel separated by a lane. The purity of the nuclear fraction was confirmed by immunoblotting
with tubulin and lamin antibodies, respectively, which also served as loading controls. Immunoblots representative of the nuclear distribution of B-catenin (a)
and NPM (b) in various transfectants. Lamin and tubulin blots for NPM were run on different percentage gels using the same lysates from the same
experiment. All blots were quantitated by NIH Image software and histograms constructed, which represent means + SD of at least 3 independent experiments
after normalizing the values of the H1299 mutant p53 cells to p53-WT cells, and the values of the PG-p53 transfectants to their corresponding p53 only
expressing cells. *p < 0.05, **p < 0.01.

https://doi.org/10.1371/journal.pone.0306705.9005
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reduction (60%) in nuclear B-catenin levels in H1299-p53-175 and control p53-WT cells. Con-
trastingly, though not statistically significant, we observed an increase in nuclear B-catenin lev-
els upon co-expression of plakoglobin in H1299-p53-273 transfectants (Fig 5A). We interpret
these results as confirming a role for plakoglobin in reducing the nuclear accumulation of -
catenin in p53-175 but not p53-273 transfectants. It appears plakoglobin’s effect on nuclear -
catenin levels is dependent on its association with p53-WT and p53-175 but not p53-273.

With regard to NPM, we found that the levels of nuclear NPM were similar in all
H1299-p53- (WT, 175, 273) transfectants. When co-expressed, plakoglobin increased the
nuclear pool of NPM by 89% and 55% in H1299-p53-175 and -273 cells, respectively (Fig 5B).
We also observed a significant increase (54%) in the nuclear pool of NPM in H1299-p53-WT
cells when plakoglobin was co-expressed in these cells (Fig 5B). It is important to note that we
also found plakoglobin in complex with NPM in all H1299-PG-p53- (WT, 175, 273) transfec-
tants (S5 Fig), indicating that plakoglobin interaction with the three forms of p53 increases the
nuclear NPM; and that neither p53-175 nor p53-273 mutations can alter this activity. Since
increased nuclear B-catenin and decreased nuclear NPM have generally been associated with
tumorigenic properties [26, 58], our findings provide a potential mechanism via which plako-
globin may exert its tumor suppressor function in these cells.

Discussion

We have previously shown that plakoglobin interacts with endogenously expressed p53-WT
and p53 mutants and that exogenous expression of plakoglobin in plakoglobin deficient and
mutant p53 (e.g., R280K, R273H, S241F, S215R) expressing carcinoma cell lines of different
origins restored p53 tumor suppressor activity in vitro [24-28]. Herein, we show that exoge-

R175H

nously expressed plakoglobin interacted with both exogenously expressed p53 conforma-

tional and p53"*7*H

contact mutants in the plakoglobin-deficient and p53-null H1299 cells
and differentially affected their oncogenic functions in vitro. Specifically, plakoglobin co-
expression significantly reduced the tumorigenic (colony formation, migratory and invasive-
ness) properties of H1299-p53-175 cells, whereas it minimally affected the tumorigenic
(migratory and invasiveness) properties of H1299-p53-273 cells. It is important to mention
that we observed a more tumorigenic effect of p53-175 compared to p53-273 in H1299 cells.
That is, H1299-p53-175 cells exhibited significantly increased migratory and invasive proper-
ties relative to their p53-273 expressing counterpart. We also showed that endogenously
expressed plakoglobin in the p53 null SKOV-3 mammary carcinoma cells interacted with
exogenously expressed p53-175 and p53-273 mutants in these cells and resulted in a similar
reduction of the invasive properties of both p53-mutants in SKOV-3 cells. These observations
indicate that the tumor suppressive effects of plakoglobin on oncogenic functions of p53-175
and -273 mutants are cell context dependent. Further supporting the necessity of performing
functional comparative analysis of different mutants in the same genetic background.

Several studies have demonstrated that the oncogenic properties of p53 mutants are medi-
ated in part by their altered transcriptional effects on p53-WT target genes. Accordingly, we
found that both p53-175 and p53-273 had no effect on the transcription of the p53-WT target
genes PUMA and BAX, which is consistent with findings in other studies [29, 55, 56]. Interest-
ingly, plakoglobin co-expression in H1299-p53-175 and -273 cells significantly increased
PUMA but not BAX transcript levels in both the p53-175 and p53-273 transfectants suggesting
a direct regulation of PUMA but not BAX transcripts by plakoglobin in H1299-p53-175 and
-273 cells. PUMA is a well-known proapoptotic/anti-tumorigenic p53-WT target gene [41, 42,
46]. Its increase in both H1299-p53-175 and p53-273 cells by plakoglobin may explain how
plakoglobin was able to inhibit the colony formation features displayed by both transfectants
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in H1299 cells. It’s noteworthy to mention that plakoglobin expression alone did induced ele-
vated PUMA level, and this effect was further increased in the p53-175 or p53-273 transfectants
(54 Fig). While although, plakoglobin expression alone also resulted in elevated BAX level, this
effect was dampened by p53-175 or p53-273 respective co-expression (S4 Fig). These observa-
tions suggest that plakoglobin’s effects on PUMA and BAX expression is mutant p53-specific
since WT-p53 does not interfere with plakoglobin’s effect on PUMA and BAX levels.

Investigation of a different gene, S100A4 that is known to promote mutant p53 accumula-
tion and oncogenic target gene expression in cancer cells, revealed that SI00A4 is significantly
increased by p53-175 but not p53-273 in H1299 cells. S100A4 is a well-known promoter of
cancer cell migration, invasion and metastasis [62, 63]. As such, its upregulated expression in
response to p53-175 but not p53-273 in H1299 cells may be responsible for the increased
migratory and invasive properties exhibited by the H1299-p53-175 relative to -273 in these
cells. Importantly, the co-expression of plakoglobin appreciably reduced S100A4 transcript
levels in the p53-175 cells, which may explain plakoglobin’s suppressive effect on the migration
and invasion of H1299-p53-175 cells.

A further interesting finding in this study is that plakoglobin co-expression differentially
affected the levels of nuclear B-catenin, which is pro-tumorigenic in the H1299-p53-175 and
p53-273 transfectants. While a significant decline in nuclear B-catenin levels was observed in
the H1299-PG-p53-175 cells there was a slight increase in nuclear f-catenin levels in the
H1299-PG-p53-273 cells, though it was not significant. Plakoglobin suppression of nuclear -
catenin localization in the H1299-PG-p53-175 cells could explain its anti-tumorigenic effect in
these cells. Its lack of inhibition of the nuclear B-catenin levels in the H1299-PG-p53-273 cells
could also explain why plakoglobin had no significant effect on the migratory and invasive
properties displayed by the H1299-PG-p53-273 cells. Another notable finding was the
increased nuclear pool of NPM upon plakoglobin co-expression in H1299-p53-175- and -273
cells. Nuclear NPM localization/levels have been associated with decreased tumorigenic prop-
erties in vitro-specifically decreased growth of mutant p53-expressing cells [58]. This may thus
further explain the suppressive effects of plakoglobin on the colony formation/anchorage-
independent growth of H1299-p53-175- and -273 cells.

Together with our previous studies, our results indicate that plakoglobin represses the
oncogenic functions of the p53-175 and p53-273 mutants investigated in this study differen-
tially and by at least two mechanisms: (1) Modulation of gene transcription including targets
such as PUMA and S100A4 and (2) Regulation of the nuclear localization/levels of B-catenin
and NPM. Fig 6 is a conceptual model of how plakoglobin may act as a tumor suppressor by
interacting with and regulating p53 (mutants) tumorigenic functions. In this model, we postu-
late that in the absence of plakoglobin, mutant p53 (175 and 273) and B-catenin translocate
into the nucleus and interact with oncogenic transcription factors to activate gene expression
associated with tumorigenesis. The presence of plakoglobin decreases tumor-promoting tran-
scriptional events, by several potential and non-mutually exclusive mechanisms: 1) Plakoglo-
bin binds to mutant p53 directly and the complex translocates into the nucleus where it
interacts with tumor inhibitory transcription factors. Recent studies have demonstrated that
small molecules /drugs that can interact with p53 mutants to restore their tumor suppressor
activities are more effective than deleting/inactivating the mutants [64, 65]. 2) Plakoglobin
modulates oncogenic activities of B-catenin by either promoting its degradation in the cyto-
plasm or inhibiting its interaction with tumor promoting transcription factors. 3) Plakoglobin
interacts with NPM and increases NPM nuclear localization and tumor suppression pheno-
type. Additionally, plakoglobin may directly regulate the activation of certain genes, such as
PUMA and BAX (S4 Fig). While plakoglobin functions are not affected by p53-WT, it is mod-
ulated by p53-175 and p53-273 in a target-specific manner (Fig 4), that is both PUMA and
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- Plakoglobin ! + Plakoglobin

Fig 6. A potential model of plakoglobin tumor suppressor activity via regulation of gene expression and cell signaling in a p53-independent and
p53-dependent manner. In the absence of plakoglobin, mutant p53-R175H or p53-R273H can translocate to the nucleus and interact with transcription
factors to activate expression of gene products associated with tumorigenesis. Under this condition, there is a reduced level of nuclear nucleophosmin and an
increased level of nuclear B-catenin that promote tumorigenesis. When expressed, plakoglobin shuttles in and out of the nucleus. In the cytoplasm, plakoglobin
reduces B-catenin level and its translocation into the nucleus/oncogenic activation. Cytoplasmic plakoglobin can also interact with NPM and p53-R175H and
p53-R273H and the resulting plakoglobin containing complexes translocate into the nucleus. This increases nuclear NPM that promotes its tumor suppressive
activity. In addition, nuclear PG-mutant p53 complexes may interact with different set of transcription factors that activate the expression of genes involved in
tumor suppression. Furthermore, nuclear plakoglobin also inhibits -catenin/TCF and activation of the tumor promoting Wnt target genes.

https://doi.org/10.1371/journal.pone.0306705.9006
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BAX level are in increased in H1299-PG cells (S4A and S4B Fig), whereas PUMA level is fur-
ther increased, while BAX level is decreased in H1299- [PG-p53-175 and PG-p53-273] trans-
fectants (Fig 4A and 4B).

Conclusion

Overall, our results signify that plakoglobin can reactivate the tumor suppressive functions of
p53-R273H and p53-R175H mutants in cells of the same genetic background, albeit to a differ-
ent extent. Plakoglobin can thus potentially be used for the development of effective therapeu-
tic strategies in highly aggressive mutant p53-expressing cancer cells. Using in silico modelling,
we have determined the 3-D structure of PG-p53-WT and PG-p53"'7°", identified the amino
acid residues involved in their interaction and validated the role of these residues in the plako-
globin- p53-R175H interaction [65]. Information derived from these studies can be utilized to
develop compounds that mimic plakoglobin-p53 interaction, restore tumor suppressor func-
tion of mutants and have the potential to function as therapeutics in various cancers [64].
These compounds will further have the advantage of representing a naturally occurring biolog-
ical interaction that positively promotes p53 tumor/metastasis suppressor function, poten-
tially, with fewer side effects in patients with mutant p53-expressing tumors.

Supporting information

S1 Raw images.
(PDF)

S1 Raw data.
(XLSX)

S1 Fig. Plakoglobin (PG) expression and localization in H1299 parental cells and
H1299-PG transfectants. H1299 and H1299 transfectants were processed for immunofluores-
cence and immunoblotting using plakoglobin (PG), p53 and acting (loading control) antibod-
ies. UT, untransfected; VT (vector transfected).

(TIF)

S2 Fig. Colony formation of H1299, H1299-p53-WT and H1299-plakoglobin (PG) cells.
H1299 cells and H1299 transfectants were seeded in triplicates at 7.5x10> cells in 35 mm dishes
containing 0.35% top agar and 0.6% base agar and grew for two weeks. At the end of the two
weeks, colonies were fixed, stained, counted and the results presented as means + SD. p, ** <
0.01.

(TIF)

S3 Fig. Migration and invasion of 111299 cells expressing p53- (WT, R175H, R273H) with-
out (-PG) or with (+PG) plakoglobin. Triplicate cultures of transfectants were processed for
24-hour transwell migration (a) and Matrigel invasion (b) assays. Inserts were fixed, stained,
and imaged under an inverted microscope at 20x magnification.

(TIF)

$4 Fig. Changes in the mRNA levels of p53 or f3-catenin target genes in H1299 cells
expressing p53 or plakoglobin (PG). Total cellular RNA was extracted from confluent cul-
tures of H1299, H1299-p53 and H1299-PG cells, reverse transcribed and processed for quanti-
tative real-time PCR to detect PUMA (a), BAX (b) and S10044 (c) mRNAs, using specific
primers (Table 2). Expression levels were normalized to the amount of ACTS mRNA in the
same cell line. Histograms were constructed based on the mean + SD. The values of
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transfectants were normalized to that of the untransfected H1299 cells. **p < 0.001,
Rk £ 0.0001,
(TIF)

S5 Fig. Nucleophosmin (NPM) interacted with plakoglobin (PG) in H1299-p53-(WT, 175,
273) transfectants. Total cellular extracts (TCEs) from H1299-PG-p53-(WT, 175, 273) cells
were processed for sequential co-immunoprecipitation (IP) and immunoblotting (IB) with
nucleophosmin, plakoglobin and p53 antibodies. Beta-actin was used as loading control.
(TIF)
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