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Abstract. Most proteins undergo ubiquitination, a process
by which ubiquitin proteins bind to their substrate proteins;
by contrast, deubiquitination is a process that reverses ubiq-
uitination. Deubiquitinating enzymes (DUBs) function to
remove ubiquitin proteins from the protein targets and serve
an essential role in regulating DNA repair, protein degrada-
tion, apoptosis and immune responses. Abnormal regulation of
DUBs may affect a number of cellular processes and may lead
to a variety of human diseases, including cancer. Therefore, it
is important to identify abnormally expressed DUBs to iden-
tify DUB-related diseases and biological mechanisms. The
present study aimed to develop a multiplex polymerase chain
reaction screening platform comprising primers for various
DUB genes. This assay was used to identify p53-related DUBs
in HCT116 p53** and p53™ cells. The results demonstrated
that ubiquitin-specific peptidase 5 (USP5) and ovarian tumor
deubiquitinase 6A (OTUD6A) were differentially expressed
in p53** and p53” HCT116 cells. Based on the data obtained
through DUB screening, the protein expression levels of
USP5 and OTUDG6A were examined by western blotting,
which confirmed that both of these DUBs were also expressed
differentially in p53** and p53” HCT116 cells. In conclusion,
results from the DUB screening performed by the present
study revealed that the expression of USP5 and OTUDG6A may
be affected by p53, and this method may be useful for the rapid
and cost-effective identification of possible biomarkers.
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Introduction

Ubiquitination is a post-translational modification (PTM)
in which ubiquitin binds to substrate proteins. Ubiquitin is
a 76 amino acid-long polypeptide protein that is covalently
attached to target proteins through an isopeptide bond between
the glycine at the carboxyl (C)-terminus of ubiquitin and the
lysine at the amino (N)-terminus of substrate proteins (1,2).
This reaction is carried out through a three-step process
involving ubiquitin-activating enzymes (Els), ubiquitin-
conjugating enzymes (E2s) and ubiquitin ligases (E3s) (1-3).
There ubiquitin protein comprises seven lysine residues, K6,
K11, K27, K29, K33, K48 and K63, on which polyubiquitin
chains may form. Polyubiquitination may regulate a number of
different cellular functions, such as proteasomal degradation,
mitophagy, translation, receptor, endocytosis and sorting (4-6).
The K48-linked polyubiquitin chain has been previously
reported to induce proteasomal degradation of target substrate,
whereas the K63-linked polyubiquitin chain affects intracel-
lular signaling, DNA repair, endosomal-lysosomal pathway
and degradation of proteins by autophagy (7-9).

By contrast, deubiquitination is the process in which
ubiquitins are detached from target proteins. Deubiquitinating
enzymes (DUBs) remove ubiquitins from target proteins by
cleaving the isopeptide bond between the ubiquitin and the
protein. Approximately 100 DUB proteins are encoded in the
human genome, which are classified into 2 main categories:
i) Cysteine proteases, which include the ubiquitin-specific
protease (USP), the ubiquitin C-terminal hydrolase (UCH),
the Machado-Josephin disease protein (MJD), the ovarian
tumor (OTU) and the monocyte chemotactic protein-induced
protease, and permutated papain fold peptidases of dsSRNA
viruses and eukaryotes (PPPDE) protein families; and
ii) metalloproteases, including the Jabl/Mov34/Mprl-Padl
N-terminal* (JAMM) family (10). Of these, the USP protein
family contains the largest number of DUBs, which have
three conserved motifs, Cys-box, Asp/Asn-box and His-box,
that are essential for catalysis (11,12). Members of the UCH
family share close homology in their catalytic domains (13).
OTU family members share homology with the OTU gene and
are known to regulate crucial signaling pathways, including
interferon, NF-kB p97-mediated processes and DNA damage
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response (14,15). Among the MJD family members, Ataxin 3
is known to regulate the retrotranslocation of endoplasmic
reticulum-associated degradation substrates (16). Members of
the PPPDE family are reported to regulate the cell cycle in
eukaryotes (10). There are four different JAMM domains in
JAMM family; of these, three have been reported to deubiq-
uitinate their substrates, and one is related to ubiquitin-like
modification of NeddS8 (17,18).

Deubiquitination serves pivotalrolesincellularhomeostasis.
For example, DUBs regulate DNA repair, protein degrada-
tion, apoptosis, cell cycle and immune response (19,20). The
abnormal expression of DUBs may result in human diseases
owing to the misregulation of homeostasis and DUBs have
been targeted for treating diseases including cancer (21,22).
Therefore, DUB screening may be beneficial in analyzing
biological mechanisms and in establishing biomarkers for
medical diagnoses.

A biomarker is a biological molecule that may be present
as one of the components in the circulatory system, including
whole blood, serum, plasma and secretion. As it is also detect-
able in specific tissues and body fluids, it may provide an
indication of the biological signs of abnormal processes and
diseases (23). In addition, biomarkers may be valuable tracers
that indicate the status of human body, such that they may aid
in determining prognosis, progression and recurrence of the
diseases (23). Clinical responses to treatments and therapies
may also be predicted by biomarkers (23). Thus, the discovery
of new biomarkers may be important in diagnosing and
predicting various human diseases, such as cancer. Multiplex
polymerase chain reaction (PCR) has been used to detect the
level of gene expression in biological samples (24). Multiplex
PCR is able to amplify several target genes by mixing
multiple primer pairs with different specificities to respective
genes (24). Therefore, it is a useful tool to check the expression
levels of various genes properly and efficiently (24). By using
this method, gene expression levels in biological samples can
be examined, which may subsequently lead to the identifica-
tion of putative biomarkers. The aim of the present study was
to develop a screening tool for the identification of putative
biomarkers using multiplex PCR and primers for various DUB
genes to detect and quantify the mRNA expression levels of
multiple DUBs simultaneously. Therefore, the multiplex PCR
platform for DUB screening may be an important tool for
biomarker identification.

p53 is a tumor suppressor that serves an important role in
biological processes; for example, during cellular stress, p53
is activated and may lead to cell cycle arrest or activate DNA
repair (24); if damaged DNA is unable to be repaired, p53
induces apoptosis (25,26). In the present study, differentially
expressed DUBs were identified that may be associated with
the presence or absence of p53. Multiplex PCR was performed
to identify DUB genes that are related to p53 signaling and
the expression levels of these DUBs were examined between
HCT116 p53** and p537 cells.

USP5 was previously reported to decrease stability of
p53 (27). Ubiquitinated p53 competes with free polyubiquitin
for recognition by proteasomal degradation following suppres-
sion of USP5, and this competition inhibits proteasomal
degradation of p53 rather than decreases p53 ubiquitination.
Moreover, suppression of USP5 increases p53 and FAS levels
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in melanoma cells through the BRAF pathway (28). OTUD6A
is a member of OTU family, which is an important regulator
for cell signaling cascade (14). The OTU family categorizes
as the OTUB subfamily/Otubains, the OTUD subfamily,
the A20-like subfamily and the OTULIN subfamily (14). In
contrast to the USP family, which has an effect on most types
of ubiquitin chains, the OTU family is linkage-specific (14).
However, the function of OTUDG6A is unknown. Results
from the present study DUB screening with multiplex PCR
and subsequent protein expression analysis revealed that
the expression of USP5 and OTUDGA were differentially
expressed in HCT116 p53** and p53 cells, which suggested
that USP5 and OTUDGA may be associated with p53.

Materials and methods

Cell culture, transfection and small interfering (si)RNA
treatment. Human colon cancer HCT116 p53** and HCT116
p33" cells were provide by Dr Albert J. Fornace (Georgetown
University, Washington, DC, USA) and were grown in
RPMI-1640 medium containing 10% FBS (both from
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
and 1% penicillin/streptomycin (Corning Life Sciences,
Tewksbury, MA, USA) at 37°C in 5% CO, atmosphere.

Full-length p53 cDNA was subcloned into pcDNA3-HA
vector from a pcDNA3-Myc-p53 vector used in our previous
study (12). For transfection of pcDNA3-HA-p53 into HCT116
p33** and p53™" cells, the cells were seeded (8x10° cells/dish)
in 60-mm culture dishes. Next day, pcDNA3-HA-p53 was
mixed with 10 mM polyethylenimine (PEI; Polysciences,
Inc., Warrington, PA, USA) and 150 mM NaCl was used, and
incubated for 15 min at room temperature. The construct was
transfected into both HCT116 p53** and p53™ cells at various
concentrations (0, 0.8, 1.5 and 3 ug) and an empty vector
(pcDNA3-HA) was used for a control. The amount of cDNA for
transfection was optimized for subsequent experiments based
on the expression level of HA-p53 protein following transfec-
tion with the differing amounts of cDNA aforementioned. The
cells were incubated at 37°C in 5% CO, atmosphere for 24 h
and subsequently harvested for further experimentation.

For p53 knockdown, HCT116 p53** cells were seeded
(8x10° cells/dish) in 60-nm dishes 1 day prior to transfec-
tion. p53-targeted siRNAs (si-p53) or negative control siRNA
(si-Ctrl; cat. no. SN-1001-CFG; Bioneer Corporation, Daejeon,
Korea) were transfected into HCT116 p53** cells using
Opti-MEM and Lipofectamine® RNAIMAX (Invitrogen;
Thermo Fisher Scientific, Inc.) mixture according to the manu-
facturer's instructions. The si-p53 sequences were: Forward
5'-CAC UAC AAC UAC AUG UGU A-3', reverse 5'-UAC
ACA UGU AGU UGU AGU G-3'. siRNAs were transfected at
a concentration of 20 nM, as previously described (12); cells
were incubated at 37°C in 5% CO, atmosphere for 48 h and
subsequently harvested for further experimentation.

Western blotting. Cells at 80-90% confluence in 60-mm
or 100-mm culture dishes were lysed in a lysis buffer (1 M
Tris-HCI, pH 7.5; 1.5 M NaCl; 100 mM EDTA; 10% glyc-
erol and 1% Triton X-100). Following resuspension of cells
with the lysis buffer, samples were incubated for 20 min
on ice and centrifuged at 16,200 x g at 4°C for 20 min. The



INTERNATIONAL JOURNAL OF ONCOLOGY 52: 1705-1714, 2018

concentration of protein was determined with Bio-Rad protein
assay dye reagent concentrate (Bio-Rad, Inc., Hercules, CA,
USA), according to the manufacturer's instructions. A total
of 30 ug of protein was loaded per lane and separated by
10% SDS-PAGE (1.5 M Tris-HCI, pH 8.8; 1 M Tris-HCl,
pH 6.8; 30% acrylamide; 10% SDS; 10% ammonium persul-
fate and tetramethylethylenediamine) and transferred onto
microporus polyvinylidene flouoride membranes (EMD
Millipore, Billerica, MA, USA). Membranes were blocked
with 5% skim milk in Tris-buffered saline + 0.05% Tween-20
for 30 min at room temperature and incubated at 4°C overnight
with the following primary antibodies: Anti-p53 (1:1,000; cat.
no. M7001; Dako; Agilent Technologies, Inc., Santa Clara,
CA, USA), anti-OTUDG6A (1:1,000; cat. no. 24486-1-AP),
anti-USP5 (1:1,000; cat. no. 10473-1-AP) (both from
ProteinTech Group, Inc., Chicago, IL, USA), anti-HA (1:1,000;
cat. no. 11 666 606 001; Roche, Basel, Switzerland) or anti-3-
actin (1:1,000; cat. no. sc-47778; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The membranes were subsequently
incubated with a horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G secondary antibody (1:10,000;
cat. no. 074-1806; KPL, Inc., Gaithersburg, MD, USA) or
goat anti-rabbit immunoglobulin G secondary antibody
(1:10,000; catalog no. GTX213110-01; GeneTex, Inc., Irvine,
CA, USA). Protein bands were visualized using the Enhanced
Chemiluminescence Reagent Solution (Young In Frontier,
Seoul, Korea). The densities of protein bands were normalized
to that of B-actin and analyzed by ImageJ (version 1.4.3.67;
National Institutes of Health, Bethesda, MD, USA).

Generation of multiplex PCR and reverse transcription-quanti-
tative PCR (RT-qPCR) primers.Primers for multiplex PCR were
designed to specific regions of each of 68 DUB genes to amplify
sequences ranging between 100 and 500 bp in length. A total of
10 groups of primer sets were designed (Fig. 1 and Table I). For
RT-qPCR, the following gene-specific primers were used: p53,
forward, 5'-CTC CTG GCC CCT GTC ATC TTC-3' and reverse,
5-AGC GCC TCA CAA CCT CCG TCA T-3'; USP5, forward,
5-CGG GAC CAG GCC TTG AA-3' and reverse, 5-TCG TCA
ATG TGA CTG AAG ATC CA-3'; OTUDGA, forward, 5-TGG
ATG ATC CGA AGA GTG AAC'-3' and reverse, 5-TCT TGG
AAC TTC TCC AGC TCC T-3; and GAPDH, forward, 5'-ATC
CCA TCA CCA TCT TCC-3' and reverse, 5-CCA TCA CGC
CAC AGT TTC-3'.

RNA extraction, cDNA synthesis, multiplex PCR and
RT-gPCR. For RNA extraction, cells at 80-90% confluence
in 100-mm dishes were lysed in a culture dish with 1 ml of
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
cDNA was synthesized using ReverIra Ace qPCR Master
Mix (Toyobo Life Science, Osaka, Japan) according to the
manufacturer's protocol. GAPDH was used as an internal
standard. For multiplex PCR, 2X Multiplex PCR Smart Mix
(cat. no. SMPO1-M25h; Solgent Co., Ltd., Daejeon, Korea)
was used and cDNAs were amplified with the following
PCR thermocycling conditions: initial denaturation at 95°C
for 15 min, followed by 40 cycles of denaturation at 95°C for
20 sec, annealing at 60°C for 40 sec, extension at 72°C for
1 min, and final extension at 72°C for 3 min. GAPDH was used
as a control. All PCR products were separated by 3% agarose
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Figure 1. Location where primers anneal to individual 68 DUB genes for
multiplex PCR. Primers of respective DUBs are used for amplification of
each DUB by multiplex PCR. DUB, deubiquitinating enzyme; PCR, poly-
merase chain reaction.

gel electrophoresis and the gels were stained with RedSafe
DNA Stain (cat. no. 21141; Chembio, Medford, NY, USA)
to visualize the amplicons to confirm the amplification of
specific cDNA bands of the expected sizes. mRNA expression
levels were normalized to GAPDH and analyzed by Imagel
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Table I. Primers used for multiplex polymerase chain reaction

analysis.
DUB Primer sequence Size
Group gene (5'-3 (bp)

Gl USP5

USPS8

USP4

USP9X

USP51

USP27

USP47

USP42

USP45

G2  USPI

USPI11

USPI3

USPI2

USP14

USPI15

USP54

USP48

USP46

USP52

G3  USPIO

USP34

USPI18

USP21

USP3

USPI16

USP33

USP53

USPI19

G4 JOSDI

BRCC3

JOSD2

EIF3S5

Ataxin3

F: GTC CACAAAGAC GAGTGCGCCT
R:AGG CTG AGT CGG CCG ACA GTA

F: GAC GCC ACC TGC ATC TAT AGAAG
R:GGA AAG TAAAAC TGT CCT GCG CAA
F: GTA GAA GGC CAG CAACCCATCG
R:ACT AGC ACC TGA CCC TGG TAT AG
F: AGC TTC AAG GGT TCC AGG ACAAG
R:GAA GAC TAT CTC GCA ACA CTATGG
F: GGA CCC CAG AGACTAGGAAACG
R:CAT AAT CCT TACACATGAAGCA

F: CTC CAG CTT TAC GAT CGG TTT AAG
R:CCG AAA CAG CGA CGA CAT CTC AC
F: CAATGATCA ACATGT CAG CAG GA
R:TTT CTG GCT GGATCC TTC AGT CT
F: TTA CTC ATC CCA CCC ATA GCC
R:TCA TGT GAG AGG GAA GCT GTG GT
F: TGG GCT GTT CAG ATC CAGTAGT
R:ACT GTC AGT CTC CTT GGT GTA CAG

F: GAC CAA ATG TGT GAAATA GGT AAG C
R:GCA AGT AAG GAG TAG AAG TAG GAG
F: TGG TGG AAG GCG AGG ATT ATG TG
R:GCT GGG CCAAGT GCCATCTTT C

F: ACC CAG CTG GAC AAT GGAGTC A
R:CAG CTT GAT GTC ATT GTC CTG GA

F: GAA CTC TGA GTC TGG TTA CAT CCT
R:GAG GAG CTG GTATCT CTG ATT TCA
F: TCA GTG TAT TCG TTC TGT GCC TGA
R:CTC GCATCATTT GTATCC AAC ATT CA
F: AAA CCT CGC TCC GGAAAG GGG A
R:CAG TTG GCA ACA GTATGT AAT CCAA
F: CGT GGT AGT GTA CAA GGG ATG TTT
R:CTC CCATGC ACT TGT GAG TTG TAA
F: GCT GGT AGATCG GGATAATTC CA
R:AAC TCATAG GGCTCAGCTCCAG

F: CCAATC CTG CTG ATG TGG CAG TC
R:GCT GAT GGC TGG AAA GAT GTA GTA
F: TCT GGC AAG GTT TCC CTG AGA GA
R:GGT TGC CAT GCA CAT CAAAGT CT

F: CCT CCA CAG CCC GCAGTATATTT
R:GAG ATA GGATCATCG CCACCATCT
F: CAG CCATAG TGC TGA AGT TCAAGT
R:GAC TGA CAT CAC CAG ATT GTG CT
F: ATT GGA CAGACCTGC CTTA

R:AAG GAT TCC TTC ACC CGG ATC G

F: TGA CAAAGC CGG AAGTCCTGTA
R:AAA GGG CTT CACAGG TGC CAG A
F: CCT TGG GTC TGT TTG ACT TGT TCA
R:CCA GTC CCA GCT TGG TGT CAT TA

F: AAACTT TAG AAC CTG TGT GCA G
R:CCT GAG AAT TTC TGC CACAGC C

F: CCC TTG GTA CTT GTCA GGATTG TA
R:AAG CAT AAC ACC ATA CTC GAA GAG
F: GAC ATT TCC AGA GAATGT GCT CTG
R:GAT CCA GAT TGG AAATGT GAA AGG
F: GTT CTT TCC TTC ATC GTC AGG GTC
R:AGT GGG AGT AGC CAA GAG ATC ATG

F: GTG AAT GTC ATT ATG GCAGCAC
R:TCC TCC AACTCT GAT GAG CCT C

F: GAG TTC AGA GTA TGA GAG AAT CG
R:CCTTTT CTT CTT GTT GTAATT CCT G
F: GTG TCT ACT ACAACCTGG ACT C
R:ATG AAG TGC TGG CCTTTC CCA G

F: TCT GCC TGG TCC TGC TCT TCC A
R:TTG TCG ACA GTT CCC AACAGG G

F: GTC CAA CAG ATG CAT CGACCA A
R:CGT CTAACATTC CTG AGC CAT C

STAMBP F: GAA GCC CTC CTT AGATGT GTT

R:TGT CCA CCA CAG GTG GCT TAG CT

409

348

311

263

210

184

150

120

100

493

410

351

301

269

222

181

150

120

100

510

410

350

250

220

210

180

149

100

349

302

257

150

124

101

Table I. Continued.

DUB

Group gene

Primer sequence Size
(5'-39 (bp)

G5

G6

G7

G8

G9

G10

PRPF8

COPS5

PSMD14

PSMD7

COPS6

STAMBPLI

EIF3S3

ZRANBI

OTUBI

OTUDI

TNFAIP3

OTUDS

VCPIP1

OTUB2

OTUD6B

OTUD7B

OoTUD3

OTUD4

PARPII

YODI

USP35

OTUD7A

USP26

USP17

USP50

USP49

ATXN3L

USP7

USP9Y

UspP2

USP41

OTUDGA

USP29

USP6

F: TCT ATG ACG ACT GGCTCAAGAC 410
R:ATC GCC ATG CTT GTT GACAGT G

F: GCA GTG GTG ATT GAT CCAACAA 301
R:AGA CCT GAC CAG TGG TAT AGT C

F: GGT TTG ACA CTT CAG GACTACA 200
R:GAG GTC ATAAGT ACATCC ACAT G

F: ACG TCT TCAACC TGCTGC CAGA 181
R:TCC TGC CCT TCT TTC TTC TCT G

F: AGG TGT TCAAGG AGCTGGAGTT 151
R:GGA AGATCT GTG TGC TTG GTC A

F: TTC GAA GAT CAACTC AAG AAG CA 118
R:TCT GGT GTG TGG AAAAGC AGG A

F: GTC CAAACT CTT CAAACCACCA 100
R:AGT GAA CTC CTT GAT GTT CTG G

F: CTA GTG CAA GAC CAA GGG TG 301
R:ACA CAT CTT TTA GCC TTG GCC C

F: AGG AAC CTC AGCAGCAGAAGCA 244
R:GTC TTG CGG ATG TAC GAG TACT

F: ATG GGG CAG ATG CTG AAT GTGA 199
R:TGC ACC AGT TGT CGT ACT CTG

F: CCG AGC TGT TCC ACT TGT TAACA 181
R:CAA CTT TGC GGC ATT GAT GAG A

F: ATC GGA GGA GTC ATG GAT TGAA 150
R:ACCTGG CGAGCCTGTTTCTCCT

F: GCT CGC TAT GGA ATG GACAAAC 122
R:ACATGC TCT GGT TCT ATG AGG

F: CAT TCT TCG GGA CCATCC TGAA 100
R:GTT CCC ATC CCC TTT GGT CTT

F: AAG AAT GCT GTT CCCAAG AAT G 301
R:CCATAT GTC TGG CTC CTG TTAA

F: ACT TCA CAG GGG TGC CTT GTT 206
R:GTT CTT CCC TGT AACAACAGG A

F: GAA GAC GAC CTG AGA GAT GAAG 188
R:CTG GGC TCAAGATTCTCTTCT G

F: GCT CTG CTATGT GTC AGTCTCT 155
R:TTA CTT GCA ACT GTC ATC CTC TG

F: CAG CTA CAAGAT AGACTTTGC AG 124
R:GAT GGC CTC GTT TTC ACA GAT G

F: ACT TGC CCATCC AAT CTGGTGA 100
R:ACG TAA CTAGAAGCACCACGTT

F: AAG TAC ATG CTC CTGACC TTC CA 410
R:CCC AGG TTG ATG AGA CCAATCTT

F: GCAGCA CTT CTACAT GAT CCTA 405
R:TGT GTA GAT TGG CAT CTC CAG G

F: CAG CCA CCT GTG AGA CCT GGT AA 202
R:CTG ATAACT CTC CGC AAGTAAG

F: GAG CAA CGC AAG GAGAGCTCAAG 172
R:AGG GTACCT TCG ACT TTT CTG ACG

F: CTATGATAC CCT TCC AGT TAAGG 101
R:TGG CAT TCA CGC AGC ATG TGT TG

F: AGG ACT ACG TGC TCA ATG ATA ACC 402
R:GCA GGA GCA GCC GTG CACTCT

F: TCA GAA GAA AGT GAT GAG TCT GG 332
R:CTC TCAATT GCT CTC GAACTT G

F: CTC TCA GAC CAT GGG ATT TCCAC 300
R:ATT GGT GTG TAG ATA TGC CCA CAG

F: GAG GCT GTG AGT GGCTGGAAGT 174
R:CGGACG TGTACC ATT GTAAGATAT G

F: TAT GGT GCCTACACCCCGTCCT 103
R:TGA GGA AGC TGC TGG TGG GGA C

F: GGT TCT GCT TCA ATG ACT CCA ATA 250
R:AGC CAT CTC ACG ATT GAC CGG CT

F: TGG ATG ATC CGA AGA GTG AAC 202
R:TCT TGG AAC TTC TCCAGC TCC T

F: GGG ATG ACT AAG CTG AAAGAA GCT 180
R:TTT CAAAGT TAAACG CAG GTG ACT

F: CGT TGG AAT CAA CAG CAG CAT TGA 122
R:CCATCC ACT TGC TCG TTC GTG TCA
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Figure 2. Expression levels of p53 protein and GAPDH mRNA in HCT116 cell lines. (A) Protein expression levels of p53 in HCT116 p53** and p53™- cells were
examined by WB with an anti-p53 antibody. (B) mRNA expression levels of GAPDH were determined by PCR and used as a control to normalize DUB gene
expression levels from multiplex PCR. M, DNA marker; PCR, polymerase chain reaction; WB, western blotting.

v1.4.3.6; the expression levels of DUBs in HCT116 p53** cells
were considered as the standard or baseline level of expres-
sion. RT-qPCR was performed using a StepOne Real-Time
PCR System (Thermo Fisher Scientific, Inc.) according to
the manufacture's protocol, and cDNA was amplified using
SYBR-Green PCR Master Mix (cat. no. 4309155; Applied
Biosystems; Thermo Fisher Scientific, Inc.). Relative expres-
sion levels were normalized to GAPDH and compared using
the 2444 method (29).

Statistical analysis. Statistical significance was analyzed
by ImagelJ (version 1.4.3.67) and GraphPad Prism version 5
(GraphPad Software, Inc., La Jolla, CA, USA) from at least
three independent experiments using paired sample t-test.
One-way analysis of variance followed by Tukey's multiple
comparisons post hoc test was performed using GraphPad
Prism version 5. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

DUB screening through multiplex PCR to identify p53-regu-
lated DUBs. HCT116 p53** and p537 cells were used to
examine differential expression levels of DUBs between the
two cell lines. First, the expression level of p53 protein in
the HCT116 p53** and p53™ cells was confirmed (Fig. 2A).
Subsequently, RNA was extracted from each cell line and
cDNA was synthesized to use as templates for multiplex PCR
using the DUB gene-specific DNA primer groups G1-G10. For
multiplex PCR, the expression of GAPDH in the HCT116 p53+*
and p537 cells was determined at least three independent times
and used to normalize the gene expression data (Fig. 2B).
Following multiplex PCR, the PCR products were analyzed
by agarose gel electrophoresis and densitometric analysis
to compare the differential expression (Fig. 3A). The results
demonstrated that USP5 (G1) and OTUDG6A (G10) exhibited
the most notable differential expression patterns between
HCT116 p53** and p53" cells. The results from densitometric
analysis indicated that the expression of USP5 in HCT116
p537 cells is a 1.47-fold higher compared with USP5 expres-
sion in p53**cells, whereas the expression of OTUDGA in
HCT116 p53** cells was 20-fold higher compared with
expression levels in p537 (Fig. 3B). These data were similar to
those reported in a previous study using RNA-sequencing, in
which USP5 was revealed to be highly expressed in HCT116
p337 (30). However, the mRNA expression levels of USP6,
USP29 and USP41 in G10 were not detected. Therefore, multi-

plex PCR was repeated using the USPI2 primers from G2 as
a positive control spiked into the G10 primer set. Although
the expression level of USPI2 was strong, the expression of
USP6, USP29 and USP41 remained undetectable (Fig. 3C). To
verify the results from multiplex PCR, the mRNA expression
levels of USP5 and OTUDGA were investigated by RT-qPCR.
Similar to the multiplex PCR results, the expression level of
USP5 in HCT116 p53” was 1.41-fold higher compared with
expression in HCT116 p53** cells, and the expression of
OTUDGA in HCT p537 was 16.67-fold lower compared with
that in HCT116 p53** cells (Fig. 3D and E, respectively).

p53 may influence USP5 and OTUDGA at the protein expres-
sion level. Deubiquitination is a crucial PTM process for
regulating protein stability and function (31). Although the
mRNA level may not always correlate with the protein level,
protein expression may be partially predicted by the mRNA
level (32). Therefore, the protein expression levels of USP5
and OTUDGA were examined by western blotting using an
anti-USPS5 or an anti-OTUDG6A antibody and lysates from
p53** and p53” HCT116 cells. The results demonstrated that,
similar to mRNA expression, the level of USP5 protein expres-
sion in HCT116 p53** cells was significantly lower compared
with expression in HCT116 p53™ cells (Fig. 4A and B). The
protein expression level of OTUD6A in HCT116 p53** was
significantly higher compared with expression in HCT116
p537 cells (Fig. 4C and D), which was also similar to the
mRNA expression levels. These results suggested that the
expression of USP5 and OTUDGA may be regulated by p53 at
the protein level.

To verify the data, HA-p53 overexpression vector was
transfected into HCT116 p53** cells at several concentrations
and the protein expression levels of USP5 and OTUDGA
were examined. The expression level of USP5 decreased
with increasing HA-p53 concentration (Fig. 5A), whereas
the expression level of OTUDGA increased with increasing
HA-p53 (Fig. 5B). In addition, the effects of HA-p53 over-
expression on USP5 and OTUDGA expression levels were
examined in HCT116 p537 cells. The results demonstrated
that the expression level of USP5 decreased and the expression
level of OTUDGA increased with increasing HA-p53 transfec-
tion concentration (Fig. 5C and D, respectively).

p353 knockdown affects the mRNA and protein expression
levels of USP5 and OTUDG6A. The protein expression levels
of USP5 and OTUDGA are affected by overexpression of
p53, as aforementioned. Subsequently, the effects of p53
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knockdown on the mRNA and protein expression levels of
USP5 and OTUDG6A were determined. p53** HCT116 cells
transfected with si-p53 exhibited decreased p53 mRNA
expression (Fig. 6A); USP5 mRNA expression was increased
and OTUDGA expression was decreased following p53 knock-
down (Fig. 6B and C, respectively). Similarly, p53 knockdown
resulted in increased USP5 and decreased OTUDG6A protein
expression levels (Fig. 6D and E, respectively). Cellular stress
such as UV exposure induces p53 activation that regulates
cell cycle, DNA repair, and apoptosis (33). Therefore, the
transcription levels of USP5 and OTUDG6A, which are affected
by the presence of p53 after UV exposure, were examined. As
expected, p53 activation led to the downregulation of USP5
and upregulation of OTUD6A (data not shown).

Discussion

In eukaryotic cells, most proteins are regulated by ubiquitina-
tion, an enzymatic process controlled by El, E2 and E3 (34).
DUBs reverse ubiquitination by cleaving the interaction
between ubiquitin and substrate proteins (35). DUBs serve
important roles in a number of cellular processes, including
cell cycle regulation, proteasome-dependent degradation, DNA
repair and homeostasis (17,36,37). Owing to diverse functions
of DUBs in biological processes, dysfunction of DUBs may
result in human diseases, including cancer (38).

p53 is a well studied tumor suppressor that serves a crucial
role in inducing growth arrest, apoptosis and senescence, which
aid in the prevention of oncogenic progression in stressed
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cells (25). In healthy cells, p53 has a short half-life and it is
expressed at a low level. Owing to various stressors, such as DNA
damage, oxidative stress and osmotic shock, activation of p53 is
induced (33,39,40). Subsequently, the half-life of p53 is increased
and p53 becomes a transcription regulator in damaged cells.
When the cells receive low stress, pS3 induces cell cycle arrest
and DNA repair (41); however, when the cells experience high
stress, p53 induces apoptosis and the cells are not repaired (41).

It is important to identify DUB-related diseases and the
rapid screening of DUB genes is required for determining
the abnormal expression of DUBs. The present study was the
first, to the best of our knowledge, to develop a method for
DUB screening using multiplex PCR. Multiplex PCR is able
to amplify multiple DNA sequences in a single PCR experi-
ment, offering a convenient and rapid assay to screen a set of
genes simultaneously. The technique uses DUB gene-specific
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primers, divided into 10 groups, to easily amplify unique
regions of DUBs ~100-500 bp long. Owing to the advantages
listed below, DUB screening through multiplex PCR may be
used as a disease diagnostic kit (42). There are several advan-
tages of DUB multiplex PCR. First, this method is able to
detect the expression levels of diverse DUBs at once. Second,
it is suggested that multiplex PCR may be conducted on a
number of sample types, including blood cells, various other
types of cells or tissues. Third, biomarkers may be identified
through DUB screening and be used in pathological research,
which may aid in identifying the disease state of patients and
in predicting prognosis following treatment. Furthermore,
the tool may also contribute to other areas of scientific
research. By identifying DUB gene expressions in specific
samples, biological mechanisms and pathophysiology of
certain diseases can be investigated. Conversely, there are
several disadvantages of this tool. The expression levels of
DUBs may be different depending on the cell and tissue
type. Expression levels of some DUBs are too low to identify
specific bands in the result of DUB screening. Moreover, it
is not possible to analyze and compare the expression level
of DUBs when they are expressed abundantly. Although the
DUBs are differentially expressed between the control and
experimental groups, the expression level of DUBs may be
seen as similar between these two groups owing to their
abundant expression levels.

In the present study, multiplex PCR was used to identify
DUBs that may be related to p53, and subsequently investi-
gated the putative effects of the presence or the absence of p53
on the expression levels of two DUBs. When p53 expression
was downregulated, USP5 expression levels increased and
OTUDGA expression levels decreased. These data suggested
that p53 signaling may be involved in the regulation of USP5
and OTUDGA at the transcriptional and the translational

levels. However, there are no p53 binding sites on USP5 and
OTUDG6A, which indicated that p53 does not regulate the
transcription of USP5 and OTUDG6A directly (43) and it is
suggested that p53 may regulate the mediators that may serve
arole in the expression of these DUBs.

Mutations of p53 are detected in >50% of human
cancers (25); therefore, regulating the expression of p53 may
be an effective strategy for treating cancers. The functions of
normal p53 are important in human diseases and its stability
and/or functions are modulated by diverse DUBs (21,44).
USP4 deubiquitinates and negatively modulates ubiquitinated
p53(45). USP7 serves akey role in the p53 pathway by stabilizing
p53 and mouse double minute 2 homolog (MDM?2) (12,46,47).
USP10 deubiquitinates p53 induced by E3 ubiquitin ligase
MDM2 and subsequently affects p53 localization and stabi-
lization (48). USP11 and USP24 have also been reported to
influence DNA damage responses by deubiquitinating p53
protein (49). USP22 was demonstrated to affect the cell cycle
and cell proliferation by controlling p53 pathway in HeLa
cells (50). USP42 binds and regulates the ubiquitination level
of p53 in response to stress signal at the early phase (51).
OTUDS also deubiquitinates p53, leading to stabilization of
p53 in response to DNA damage (44).

DUB gene screening through the multiplex PCR may allow
for easy determination of the relationship between p53 and
USP5, as well as p53 and OTUDGA. Results from the present
study indicated that p53 downregulates the expression of USP5
and upregulates the expression of OTUDG6A. Through the
present screening results, USP5 and OTUDG6A were indicated
to be involved in p53 signaling. Furthermore, this screening
will aid in the identification of abnormal mechanisms of DUBs
that may lead to a number of diseases. In addition, DUBs
identified through this screening may be used as biomarkers,
which are indicators of biological processes and pathogenic
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processes. Biomarkers indicate a change in expression or state
of a protein, which may be associated with increased risk or
progression of a disease, or may be used to examine the suscep-
tibility of a disease to a certain treatment (23,52). Biomarkers
have been used for diagnosing stoke, dementia and certain
types of cancer (53-57). Accordingly, multiplex PCR may aid
in identifying abnormal expression levels of DUBs that may
indicate homeostasis disruption, and also may aid in revealing
novel mechanisms. The DUB screening method developed in
the present study may provide a cost-effective and powerful
tool for examining various expression levels of DUBs asso-
ciated with diseases or abnormal biological pathways. DUB
screening may facilitate a narrowing down of candidates that
may lead to abnormal mechanisms and cause diverse diseases.
Based on subsequent pathophysiological research, the candi-
dates may be quantified through qPCR. Taken together, it is
suggested that DUB screening through multiplex PCR with
specific primers is potentially useful.
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