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Abstract Tumor suppressor p53 plays a critical role in the
regulation of cell cycle and apoptosis in mammals. Mutations
of p53 often cause various cancers. Murine models have im-
proved our understanding on tumorigenesis associated with p53
mutations. However, mice and humans are different in many
ways. For example, the short lifespans of mice limit the clinical
application of the data obtained from this species. Porcinemodel
could be an alternative as pigs share many anatomical and phys-
iological similarities with humans. Here, we modified the ex-
pression levels of p53 messenger RNA (mRNA) and protein in
porcine fetal fibroblasts using a combination of gene targeting
and RNA interference. First, we disrupted the p53 gene to pro-
duce p53 knockout (KO) cells. Second, the p53 shRNA expres-
sion vector was introduced into fibroblasts to isolate p53 knock-
down (KD) cells. We obtained p53 KO, KD, and KO + KD
fibroblasts which involve p53 KO and KD either separately or
simultaneously. The mRNA expression of p53 in p53 KO fibro-
blasts was similar to that in the wild-type control. However, the

mRNA expression levels of p53 in KD andKO+KD cells were
significantly decreased. The p53 protein level significant re-
duced in p53 KD. Interestingly, no p53 protein was detected
in KO + KD, suggesting a complete reduction of the protein
by synergistic effect of KO and KD. This study demonstrated
that various expression levels of p53 in porcine fibroblasts could
be achieved by gene targeting and RNA interference.Moreover,
complete abolishment of protein expression is feasible using a
combination of gene targeting and RNA interference.
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Introduction

The tumor suppressor gene p53 plays a central role in genome
surveillance, cell cycle control, and apoptosis in response to a
variety of intra- and extra-cellular stimulations (Lane 1992).
The gene product of p53 is a transcription factor essential for
tumor suppression. Mutations of p53 have a pivotal role in
diverse step of tumorigenesis and increase susceptibility to
many kinds of cancers (Greenblatt et al. 1994; Wang et al.
1998; Fontemaggi et al. 2009; Muller et al. 2009). The murine
model of p53 mutation has been used as a powerful tool for
genetic studies of cancer, proof-of-principle experiments, and
development of new anticancer drugs (Kelland 2004;
Sausville and Burger 2006). However, mice and humans have
different characteristics such as life span, anatomy, and phys-
iology. Therefore, data obtained frommouse studies might not
be applicable to human clinics (Sausville and Burger 2006;
Garber 2006; Basel et al. 2012). Previous studies revealed that
using a mouse model to predict the effect of anticancer drugs
for human patients had severe limits for preclinical research
(Vandamme 2014). To overcome the limitation of the mouse
model, establishing a more suitable animal model similar to
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human species for cancer research is gradually increasing
(Flisikowska et al. 2013). Pigs could provide one of the most
appropriate models to replace the current mouse model be-
cause pigs and humans have similar anatomy and physiology
(Schook et al. 2005).

Experimental techniques for genetic modification in pigs
have been well established. Porcine models of cancer related
to p53 regulation have also been developed. Transformed por-
cine cells exhibited tumorigenic ability by expressing proteins
such as a dominant-negative p53 and c-Myc to disturb signal-
ing pathways involved in tumor development (Adam et al.
2007). Reduced expression of p53 in porcine mesenchymal
stem cells by RNA interference (RNAi) has also been reported
(Merkl et al. 2011). Using somatic cell nuclear transfer of
mesenchymal stem cells, p53 gene-targeted pigs have been
produced (Leuchs et al. 2012). However, the types of mutated
p53 found in human tumor are numerous, resulting in various
levels of p53 expression. Hence, the development of porcine
models with different levels of p53 expression might be im-
portant to study the precise relationship of tumorigenesis with
p53 expression. Deficiency of p53 expression could be
achieved by gene targeting and reduction of the expression
could be induced by RNAi. The combination of the two
may give rise to different levels of expression.

In the present study, we investigated alteration of p53 ex-
pression in miniature pig fetal fibroblasts after gene targeting
and RNAi. Our study will be an alternative to the current
rodent model of p53 expression by providing porcine model
of p53 mutation with various levels of p53 gene expression.
Moreover, the developed cells may be used to produce somat-
ic cell nuclear transfer pigs with different levels of p53 expres-
sion ranging from none to the reduced.

Materials and Methods

Chemicals and reagents All chemicals and reagents were
purchased from Sigma-Aldrich (St. Louis, MO) unless other-
wise stated.

Preparation of porcine fetal fibroblasts Porcine fetal fibro-
blasts were prepared as previously described (Ahn et al. 2011).
Briefly, porcine fetuses at 28–39 days of gestation were obtain-
ed from specific pathogen-free (SPF) Minnesota miniature
pigs. This highly inbred strain of pigs has been used in biomed-
ical research since the 1950s (the earliest development of min-
iature pigs). The size, anatomy, and physiology of these pigs are
similar to humans. The head, the dorsal spine of the medial
section, and the tail were removed before collection. Small
pieces of the tissue were washed in Dulbecco’s phosphate-
buffered saline (DPBS; Invitrogen, Carlsbad, CA) and minced
with a surgical blade on a 100-mm Petri dish. Cells were dis-
sociated from the minced tissues in 0.25% Trypsin-EDTA

(Invitrogen) for 10 min at 38.5°C. After centrifuging the cell
suspension three times at 200×g for 5 min, cell pellets were
resuspended and seeded onto 100-mm culture dishes (Falcon,
Franklin Lakes, NJ). Cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM; Invitrogen) supplemented with
15% (v/v) fetal bovine serum (FBS; Hyclone, Logan, UT),
1 mM L-glutamine, 100 units/mL penicillin, and 0.5 mg/mL
streptomycin in a humidified atmosphere of 5% CO2 with 95%
air for 6 to 8 days. Attached cells were washed with DPBS,
cultured until confluent and subcultured at intervals of 5 to
7 days by trypsinization for 5 min using 0.25% Trypsin-
EDTA until later use for transfection.

Construction of p53 gene targeting vector Construction of
p53 gene targeting vector was illustrated in Fig. 1A, a targeting
vector was constructed from a genomic DNA fragment con-
taining exons 1 and 2 of the porcine p53 gene (GenBank
accession no: NC_010454). A neomycin-resistance gene un-
der transcriptional control of the mouse phosphoglycerate
kinase-1 promoter (PGK-Neo) was inserted into exon 2 of
p53 gene. Approximately 4.6- and 2.1-kb homologous arms
amp l i f i e d b y l o n g a rm p r im e r s e t ( f o rw a r d
5 -GCGGCCGCGGCTCAGATCTGGCGTTTCT-3 and
r e v e r s e 5 -ACGCGTCAGCCTGAGACACACC
CAAG-3 ) and short arm primer set (forward 5 -
GCTAGCCCCTCTGAGTCAGGAGACATTT-3 and re-
verse 5 -GATATCAGGAAATTTTCTTCCTCTGTGC-3 )
were inserted into 5 and 3 region of the selection cassette
of PGKneolox2DTA.2 plasmid (Addgene) composed of a
neomycin-resistance gene, a polymerase destabilizing signal,
a pausing signal for RNA polymerase II, and the diphtheria
toxin A fragment (DTA) for negative selection. The Not1-
linearized targeting vector was used for introduction into por-
cine fetal fibroblasts.

Gene targeting in porcine fetal fibroblasts The linearized
14.8-kb targeting vector was introduced into porcine fetal fi-
broblasts using Gene Pulser II (Bio-Rad, Hercules, CA) ac-
cording to the manufacturer’s protocol. Starting from 48 h
after transfection, genetically modified cells were selected
with the medium containing 500 μg/mL of G418
(Invitrogen) for 14 d. After antibiotic selection, G418-
resistant colonies were isolated and transferred onto 0.1%
gelatin-coated dishes. Subculture was started with a low den-
sity of cells so that clones originated from a single cell could
be isolated for later molecular analysis. Cells were continu-
ously cultured at 38.5°C in a humidified atmosphere contain-
ing 5% CO2 and 95% air.

Detection of homologous recombination by PCR and
PCR-Southern blot As represented in Fig. 1A, cells from
G418-resistant colonies were subjected to analysis for the
disrupted porcine p53 allele. Genomic DNA was prepared
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using DNeasy Tissue Kit (QIAGEN, Valencia, CA) according
to the manufacturer’s protocol. For PCR analysis of gene
targeting events, genomic DNA was amplified using
Maxime PCR Premix Kit (Intron Biotechnology, Seongnam,
Korea) in 20-μL reaction volume with the following parame-
ters: 30 cycles of 30 s at 95°C, 30 s at 65°C, 10 min plus 20 s
increase per cycle at 68°C; and one final cycle of 15 min at
68°C. The PCR primer set used for amplification includes the
f o r w a r d p r i m e r 5 - G G A A G T T G C C A A
GCTGATTCCA-3 and the reverse primer 5 -TCCAAG
GCGTCATTCAGCTCTC-3 . Amplification products (8.1-
kb fragment of the wild-type (WT) allele and 9.9-kb fragment
for the targeted allele) were analyzed by running on 0.8%
agarose gel electrophoresis. Following electrophoresis,
Southern blot hybridization was performed using The DIG
high Prime DNA Labeling and Detection Kit 2 (Roche,
Indianapolis, IN) according to the manufacturer’s protocol.
Amplification products were transferred to a nylonmembrane.
Then, the membrane was hybridized with a 440-bp DIG-la-
beled probe specific for neomycin-resistance gene in DIG
Easy Hyb solution (Roche) for 16 h at 45°C. After the hybrid-
ization, the membrane was washed twice in 0.2 X SSC with
0.1% sodium dodecylsulfate (SDS) at 68°C and exposed to a
camera for 30 min.

Porcine p53 shRNA expression vector Porcine p53-specific
and non-specific control (mock) shRNA expression vector
were designed and produced by Genolution (Seoul, Korea).
Th e 25 me r s e qu en c e o f p 53 s iRNA wa s 5 -
GACGCCAGUGGCAACUUGCUGGGAC-3 (Top: 5 -cacc
GACGCCAGTGGCAACTTGCTGGGAC t c t c
GTCCCAGCAAGTTGCCACTGGCGTC-3 , Bottom: 5 -
aaaa GACGCCAGTGGCAACTTGCTGGGAC gaga
GTCCCAGCAAGTTGCCACTGGCGTC-3 ). Porcine p53

shRNA was inserted into pENTRTM/H1/TO vector with
H1/TO promoter and selectable Zeocin cassette (Invitrogen).
The structure of transgene construct was represented in
Fig. 2A.

Transfection of porcine fetal fibroblasts with p53 shRNA
expression vector The number of porcine fetal fibroblasts
was adjusted to 3×105, and cells were transfected with 2–
3 μg of p53 or scrambled shRNA constructs using Amaxa
Nucleofection Kit (Lonza, Basel, Switzerland) according to
the manufacturer’s instructions. After transfection, cells were
transferred to 100-mm culture dish. Genetically modified cells

Figure 1. p53 gene targeting in
miniature pig fetal fibroblasts. (A)
p53 gene targeting vector. Arrows
PCR primers for detection of
homologous recombination, Bar
probe for Southern blot analysis.
(B) PCR screening and PCR-
southern analysis of p53 gene-
targeted cells. Lanes 1 p53 gene-
targeted fibroblasts, 2 neo
(G418)-resistant fibroblasts, 3
normal (non-transfected) fibro-
blasts, 4 p53 gene targeting vec-
tor, 5 distilled water.

Figure 2. Detection of p53 shRNA expression construct. (A) p53
shRNA expression construct. Size of PCR product with the indicated
primers (arrows) is 2.5 kb. (B) PCR analysis of construct integration.
WT + mock wild-type fibroblasts transfected with mock vector, KD
wild-type fibroblasts transfected with p53 shRNA, KO + mock p53
gene-targeted fibroblasts transfected with mock vector, KO + KD p53
gene-targeted fibroblasts transfected with p53 shRNA, WT wild-type fi-
broblasts, KO p53 gene-targeted fibroblasts, DW distilled water.
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were selected with the medium containing 800 μg/mL of
Zeocin (Invitrogen) from 48 h after transfection for 21 d.
Zeocin-resistant colonies were isolated and transferred onto
0.1% gelatin-coated dishes for clonal culture. Cells were con-
tinuously cultured at 38.5°C in a humidified atmosphere con-
taining 5% CO2 and 95% air. Genomic DNA was extracted
from cells of Zeocin-resistant colonies, and an integration of
shRNA construct was identified by PCR using the forward 5 -
CCTGATTCTGTGGATAACCGTATT-3 and reverse 5 -
AGTAACCATGCATCATCAGGAGTA-3 primer set specif-
ic for pENTRTM/H1/TO vector as showed in Fig. 2. The
condition for PCR was 95°C for 10 min; 30 cycles (95°C for
30 s; 62°C for 30 s; 72°C for 3 min); and 72°C for 5 min.
Amplification products (2.5kb) were analyzed by 0.8% aga-
rose gel electrophoresis.

Analysis of p53 expression by RT-PCR Total RNAwas ex-
tracted from cells of Zeocin-resistant colonies using RNeasy
Mini Kit (QIAGEN). Aliquots of 0.5 μg of total RNA were
used for complementary DNA (cDNA) synthesis using
SuperScript® III First-Strand Synthesis System (Invitrogen)
according to the manufacturer’s protocol. Synthesized
cDNA was amplified using Maxime PCR Premix Kit in
20-μL reaction volume with the following parameters: 33 cy-
cles of 30 s at 95°C, 30 s at 63°C, and 1 min at 72°C. The
sequence of the upstream and downstream primer pairs and
length of PCR products were as follows: porcine p53
(Forward: 5 -CCATGGCCATCTACAAGAAGTC-3 and
Reverse: 5 -GTCATTCAGCTCTCGGAACATC-3 ; 566 bp)
and beta-actin for endogenous housekeeping standard
(Forward: 5 -TGCGTGACATCAAAGAGAAG-3 and
Reverse: 5 -CGGATGTCAACGTCACACTT-3 ; 244 bp).
Each experiment was repeated three times using cells prepared
separately at different times.

Analysis of p53 expression by western blot Samples of
5×105 fetal fibroblasts were washed twice with ice-cold phos-
phate-buffered saline (PBS), resuspended in 200 μL ice-cold
NP-40 Cell Lysis Buffer (Invitrogen), and incubated at 4°C for
30min. The lysates were centrifuged at 13,000 rpm for 30min
at 4°C. Protein concentrations of cell lysates were determined
using Quick Start Bradford Protein Assay (Bio-Rad) accord-
ing to the manufacturer’s protocol. Equivalent amounts of
proteins in each sample were loaded and run on 12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Then, the
gel was transferred to nitrocellulose membrane (GE
Healthcare Bio-Sciences, Piscataway, NJ) and reacted with
p53 and beta-actin antibodies (Santa Cruz Biotechnology,
Dallas, TX). Immunostaining with antibodies was performed
using SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific, Rockford, IL) according to the manufac-
turer’s protocols and detected with ImageQuant LAS4000
mini (GE Healthcare).

Statistical analysis Statistical analyses were carried out using
SPSS version 11.0 for Windows. At least three replicates were
conducted for each experiment, and data were presented as
means ± SEM, percentage data were subjected to arcsine
transformation prior to statistical analysis. All data were ana-
lyzed by one-way ANOVA, followed by Fisher’s LSD test. A
value of P<0.05 was considered significant.

Results

After transfection of porcine fetal fibroblasts with p53
gene targeting vector, a total of 48 G418-resistant colo-
nies were obtained and screened by PCR. One colony was
identified as p53 gene-targeted (2.08% efficiency). As
shown in Fig. 1B, 9.9-kb PCR product indicated that
one allele of p53 gene was disrupted by an insertion of
selection marker PGK-Neo. Hybridization of Neo probe
not with 8.1-kb PCR product (amplified from wild-type
allele) but with 9.9-kb product (amplified from p53 gene-
targeted allele) confirmed heterozygous knockout in p53
gene (Fig. 1B).

After introduction of p53 shRNA or mock expression
vector into fetal fibroblasts, transfected cells were cul-
tured with Zeocin for 21 d. Then, Zeocin-resistant colo-
nies were analyzed by PCR to confirm the integration of
vector into the genome. As shown in Fig. 2A, the integra-
tion of vectors was identified by PCR product of 2.5 kb
from shRNA cassette across pENTRTM/H1/TO vectors.
The integration of vectors was confirmed in all experi-
mental groups including wild-type fibroblasts with mock
vector (WT + mock), wild-type fibroblasts with p53
shRNA (KD), p53 gene-targeted fibroblasts with mock
(KO + mock), and p53 gene-targeted fibroblasts with
p53 shRNA (KO + KD), whereas wild-type (WT) and
p53 gene-targeted fibroblasts (KO) were integration-
negative (Fig. 2B).

To evaluate changes of porcine endogenous p53 mRNA by
gene targeting and RNAi, RT-PCRwas performed. As shown in
Fig. 3A, with the mean value of p53 expression inWTas 100%,
the p53 expressions in WT +mock and KO (90.6% and 91.8%,
respectively) were not different from the control. Unexpectedly,
the expression in KO + mock was significantly increased
(189.3%), but significant reduction of p53 mRNAwas observed
in KD and KO + KD (35.5% and 34.8%, respectively). No
difference was seen between KD and KO + KD.

Reduction of porcine p53 protein was evaluated by western
blot using lysates from six different fibroblast cell lines, and the
results are shown in Fig. 3B. Differences in the expression of p53
protein were not found amongWT,WT +mock, KO, and KO +
mock. However, a decrease of p53 protein was observed in KD,
and the expression was completely abolished in KO + KD.
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Discussion

It has been widely known that the amount of p53 expression is
closely related to the onset of the tumor in a mouse model
(Donehower et al. 1992; Donehower 1996; Yamamoto et al.
2000). Therefore, the control of p53 expression would be im-
portant in the study of tumorigenesis caused by p53 mutation.
We investigated the expression level of p53 mRNA and protein
in porcine fetal fibroblasts that could be altered by two different
genetic modification techniques, such as p53 gene knockout
(KO) by gene targeting and knockdown (KD) by RNAi.

First, porcine p53 gene was targeted by disruption in exon 2
of the gene where the initiation codon is located (Fig. 1A, B).
However, compared with wild-type control, no reduction in the
expression of p53 messenger RNA (mRNA) and protein was
observed (Fig. 3A, B). This could be expected since the compen-
sation of p53 gene expression might occur. In biallelic genes,
such as p53, loss of gene expression from one allele could be
compensated by the expression from the other. Transcriptional
compensation in heterozygous disruption of a tumor suppressor
gene has been reported (Guidi et al. 2004). However, it has not
been clear to what extent a wild-type allele of p53 gene can
compensate for a mutated or lost allele. Such compensatory
mechanisms could be gene amplification, transcription upregu-
lation of the remaining allele, or simply facilitated catalytic acti-
vation of the native p53 protein (Forslund et al. 2001). Since the

exon 2 of p53 gene was targeted in the present study, there might
be a possibility of alternative splicing that could affect the accu-
racy of the experiment. An isoform of p53 protein (Δ40p53)
does not include exon 2. The primers used in the experiment
were on exon 5 (forward) and exon 10 (reverse). Thus, the prim-
er set used in this study will not amplifyΔ40p53. SinceΔ40p53
does not have transacting domain (MDM2 binding domain),
MDM2 (p53-specific E3 ubiquitin ligase)-dependent negative
regulation of p53will be hampered. If this is the case, an increase
of p53 protein could have seen in western blot. The increase of
p53 protein by MDM2 inhibitor has been reported (Tovar et al.
2013). In our study, the increase of p53 protein was not seen in
p53 gene-targeted fibroblasts compared to the wild-type control.
It may suggest that the stability of p53 was not affected. A
reduction of p53 mRNA and protein in monoallelic KO was
not observed because there might be a compensatory expression
of p53 from the non-targeted wild-type allele.

Since the heterozygous disruption had little effect on ex-
pression levels of p53 mRNA and protein, we investigated the
effects of additional knockdown on transcription and transla-
tion of p53 gene. To reduce p53 mRNA expressed from intact
p53 allele, we assessed knockdown effects of RNAi for por-
cine p53. It has been reported that approximately 70%–80%
reduction of p53 protein in murine and human fibroblasts was
achieved by shRNA (Tovar et al. 2013). We compared se-
quence homology among the species including mice, humans,
and pigs, and chose the RNAi sequence from 756 to 774 of
porcine p53 (GenBank accession no: AF098067) containing
close homology with the sequence used in the previous report
(Kawamura et al. 2009). Our study using shRNA with the
chosen sequence resulted in significant reduction of p53
mRNA levels to approximately one third in both wild-type
and p53 gene-targeted porcine fibroblasts compared with the
control (Fig. 3A). Expression of p53 protein was also reduced
by shRNA with similar manner to the mRNA expression
(Fig. 3B). More drastic effect of p53 shRNA was observed
in additional knockdown (KD) on heterozygous knockout
(KO) fibroblasts. Despite remaining mRNA expression, there
was a complete abolition of p53 protein expression by KD in
addition to KO (Fig. 3B). This result suggests that a synergis-
tic effect of KO and KD occurred. Additional KD might have
overridden the compensation of p53 expression from the in-
tact wild-type allele in heterozygous KO fibroblasts. Since the
downregulation of p53 mRNAwas the same level in KD and
KO + KD (Fig. 3A), the abolishment of compensatory protein
expression could be post-transcriptional (Fig. 3B). Relative
levels of p53 protein, KO + mock in particular, were not
completely matched to mRNA level (Fig. 3A, B). Under the
normal condition without DNA damage, the p53 protein is
very unstable and exists in low concentration. This is because
the binding of MDM2 induces degradation of p53 via
proteasomes. Once DNA is damaged, phosphorylation of
p53 separates MDM3. Then, p53 could be increased. Since

Figure 3. Analysis of p53 expression. (A) Expression of p53 mRNA
analyzed by RT-PCR. Amount of mRNA was normalized by β-actin
expression. (B) Expression of p53 protein analyzed by western blot. WT
wild-type fibroblasts, WT + mock wild-type fibroblasts transfected with
mock vector, KO p53 gene-targeted fibroblasts, KO + mock p53 gene-
targeted fibroblasts transfected with mock vector, KD wild-type fibro-
blasts transfected with p53 shRNA, KO + KD, p53 gene-targeted fibro-
blasts transfected with p53 shRNA.
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the concentration of p53 protein is regulated by its degradation
as well as translation, increase of p53 mRNA due to other
reasons than DNA damage may not faithfully reflect the con-
centration of p53 protein.

In rat model of p53 KO, tumorigenesis in monoallelic mu-
tation by loss of heterozygosity was occurred, although the
tumorigenesis was delayed than biallelic mutation (van
Boxtel et al. 2011). The result of the present study may be
useful in filling the gap between the two. Recently, a similar
model of cloned pigs with p53 mutation by somatic cell nu-
clear transfer was reported (Sieren et al. 2014).

Overall, our results demonstrated that in porcine fetal fibro-
blast, (i) gene targeting alone did not show any effects of p53
expression level in mRNA and protein, (ii) KD gave rise to a
significant reduction in p53 mRNA expression, and (iii) when
both KO and KD were applied simultaneously, p53 mRNA
was significantly deceased, and expression of p53 protein was
completely diminished. The results suggest that the combina-
tion of genetic modification techniques could modify the ex-
pression level of endogenous p53 in porcine fetal fibroblasts.
These cells with different levels of p53 expression may pro-
vide useful tools to study relations between development of
cancer and p53 expression in large animal model, as an alter-
native to the current mouse model, with close anatomical and
physiological and similarities to humans..
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