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Accumulating evidence suggests that endoplasmic reticulum (ER) stress plays a major role in the
development of many diseases. A previous study indicated that the apoptotic regulator p53 is signifi-
cantly increased in response to ER stress and participates in ER stress-induced apoptosis. However, the
regulators of p53 expression during ER stress are still not fully understood. Here, we investigated
whether p53 contributes to the impairment of Pin1 signaling under ER stress. We found that treatment
with thapsigargin, a stimulator of p53 expression and an inducer of ER stress, decreased Pin1 expression
in HCT116 cells. Also, we identified functional p53 response elements (p53REs) in the Pin1 promoter.
Overexpression of p53 significantly decreased Pin1 expression in HCT116 cells while abolition of p53 gene
expression induced Pin1 expression. Pin1 expression was significantly increased by treatment with the
p53 inhibitor pifithrin-a or down-regulation of p53 expression. Taken together, ER stress decreased
Pin1 expression through p53 activation, and this mechanism may be associated with ER stress-induced
cell death. These data reported here support the importance of Pin1 as a potential target molecule
mediating tumor development.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The endoplasmic reticulum (ER) is an organelle that plays an
important role in protein folding and post-translational modifica-
tion. When protein folding fails, misfolded proteins accumulate
in the ER, which leads to cell stress called ER stress [1]. The ER
senses alterations in intracellular homeostasis provoked by stim-
uli, subsequently inducing the unfolded protein response (UPR)
[2–5]. The UPR decreases protein translation, increases chaperone
expression, and accelerates the degradation of misfolded proteins
to alleviate cellular stress and restore ER homeostasis via three
main signal transducers. These transducers include inositol-requir-
ing enzyme-1a (IRE-1a), PKR-like ER kinase (PERK), and activating
transcription factor 6 (ATF6) [6–8]. Severe or prolonged ER stress
induces the activation of unique pathways that lead to cell death
through apoptosis. Recently, several pathways have been directly
implicated in ER stress-induced apoptosis, including the caspase-
12/caspase-4, CHOP/GADD153, IRE1/PERK/JNK, and p53 signaling
pathways [9–12]. Previous studies have indicated that NF-jB sig-
naling is required for ER stress-induced p53 expression [13]. Eleva-
tion of p53 expression during ER stress in MEF, MCF-7, and HCT116
cells has been reported [12], and p53 has been shown to play an
important role in ER dysregulation [1,14].

Pin1 is the peptidyl-prolyl cis/trans isomerase (PPlase) that
binds and isomerizes specific phosphorylated serine/threonine-
proline (pS/pT-P) motifs in a subset of proteins, resulting in protein
conformational changes [15,16]. Pin1 has been shown to regulate
the function of several key proteins that are involved in various
cellular stress responses. Pin1 regulates cell growth and apoptosis
by catalyzing the isomerization of various molecules [17,18]. Pin1
is also involved in controlling the accumulation and activation of
p53 in cells exposed to DNA damaging agents [19]. Pin1 can also
enhance the DNA binding activity and transcriptional activity of
both p53 and p73 towards their target genes [19,20]. Functionally,
Pin1 is required for maintaining DNA damage checkpoints that
protect cells from DNA damage-induced apoptosis [19], and can
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also induce apoptosis by enhancing pro-apoptotic gene expression
[20]. However, the exact molecular mechanism by which Pin1
mediates apoptotic regulation under ER stress is unknown.

Since ER stress activates p53, we hypothesized that ER stress
might regulate Pin1 expression through p53 activation. To test this
hypothesis, we investigated the effect of p53 on Pin1 expression in
HCT116 colon cancer cells and conducted promoter analysis to
characterize the p53-responsive element in the Pin1 promoter. In
this report, we show for the first time that p53 negatively regulates
Pin1 expression under ER stress and that Pin1 plays a preventive
role in p53-mediated apoptosis under ER stress.
Fig. 1. p53 down-regulates Pin1 expression under ER stress in HCT116cells. (A)
HCT116 p53+/+ or p53�/� cells were treated with 1.0 lM thapsigargin. After 24 h,
cells were harvested and total RNAs were extracted. Pin1 and p21 mRNA levels were
analyzed by real-time PCR. (B) HCT116 p53+/+ or p53�/� cells treated with 1.0 lM
thapsigargin for 24 h were analyzed by Western blot for Pin1 and GRP78 protein.
GAPDH is shown as an internal standard. (C) p53 reduced human Pin1 mRNA levels.
Both pcDNA and p53 expression plasmids were used to transfect HCT116 p53�/�

cells, which were then treated with 1.0 lM thapsigargin for 24 h. After transfection,
the cells were assayed by real-time PCR. The data are expressed as fold increase
relative to the untreated control. The values are shown as the mean ± SD of three
independent experiments. ⁄p < 0.05, ⁄⁄p < 0.01, and n.s., not significant.
2. Materials and methods

2.1. Cell culture and reagents

The parental HCT116 human colon adenocarcinoma cell line
containing the wild-type p53 (p53+/+) and a p53-deficient deriva-
tive (p53�/�) were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS) in humidified air containing 5% CO2 at
37 �C. RPMI 1640 and FBS were obtained from Hyclone Laborato-
ries, Inc. (South Logan, Utah, USA). All antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA) or Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA), and chemicals were pur-
chased from Sigma–Aldrich (St. Louis, MO, USA).

2.2. Plasmids and transient transfection

A cDNA encoding Pin1 or p53 was subcloned into a pcDNA
(Invitrogen, Carlsbad, CA, USA) between the HindIII and EcoRI
restriction sites for protein expression that tagged the protein with
a Flag-tag or HA-tag at the C-terminal end. Regions of the human
Pin1 promoter (�2.7 kb) were amplified by PCR (reverse transcrip-
tion polymerase chain reaction) from human genomic DNA and
inserted into the KpnI/XhoI restriction sites in the pGL3 basic
vector (Promega, Madison, WI, USA) using the following primers:
forward 50-CGGGGTACCATTTCCTTGCTCTATCCA-30 and reverse
50-AAACTCGAGGCTCCGCCTCAGCTGCGC-30. A deletion mutant
reporter construct lacking putative p53 binding sites was con-
structed in the Pin1 promoter (�1.0 kb) using a two-step PCR
method. HCT116 cells were transfected with Pin1 expression
vectors using the X-tremeGENE™ HP DNA transfection reagent
from Roche Diagnostics, (Indianapolis, IN, USA). After a 24 h
incubation period, growth media was replaced and cells were
grown for an additional 24 h.

2.3. Cell viability assay

Cell viability was measured in 96-well plates using a quantita-
tive colorimetric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), which is an indicator of mito-
chondrial activity in living cells. Briefly, 30 ll MTT (final concentra-
tion, 0.5 mg/mL) was added to the medium at the indicated time
after treatment and then incubated at 37 �C for 4 h. The MTT solu-
tion was removed, and 100 ll DMSO was added to each well. The
absorbance of each aliquot was measured at 540 nm using a micro-
plate reader (Bio–Rad).

2.4. Real-time PCR analysis

Total cellular RNA was extracted from cells using the TRIzol
reagent (Invitrogen). A cDNA was synthesized from 1.0 lg total
RNA using M-MLV reverse transcriptase (Fermentas, Hanover,
MD, USA). The specific primers for RT-PCR included the following:
Pin1, forward 50-TGCCACCGTCACACAGTATT-30 and reverse 50-
CTGACCAGGCCTTCTCTTTG-30; p21, forward 50-GCAGACCAGCAT-
GACAGATTTC-30 and reverse 50-GGATTAGGGCTTCCTCTTGGA-30;
and GAPDH, forward 50-CAAGGTCATCCATGACAACTTTG-30 and
reverse 50-GTCCACCACCCTGTTGCTGTAG-30. Real-time PCR was
performed using an ABI prism 7300 Sequence Detection System
(Applied Biosystems, Branchburg, NJ, USA) with SYBRGreen PCR
Master Mix (Applied Biosystems). The PCR reaction was carried
out for 40 thermal cycles. Expression of the target gene was ana-
lyzed by an absolute quantification method and normalized using
GAPDH levels.

2.5. Western blot analysis

Cells were lysed in NP40 lysis buffer (50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1% NP40, 2 mM EDTA, 10 mM NaF, 2 mM Na3VO4,



Fig. 2. p53 represses human Pin1 promoter activity. (A) A schematic representation of the Pin1 promoter region. The Pin1 promoter–luciferase fusion (WT; from �2700 to
+100), p53REs-deleted Pin1 promoter–luciferase fusion (Dp53RE; from �1200 to +100) and Pin1 promoter–luciferase fusion containing the mutated A p53RE site at position
�2300 (mutated motif A p53RE; the nucleotide sequence changed from ‘‘CTTG’’ to ‘‘ACCT’’). The p53REs are shown in bold. (B) Pin1 promoter–luciferase fusion plasmids were
used to transfect HCT116 p53+/+ or p53�/� cells. Luciferase activity was measured after treatment with 1.0 lM thapsigargin at the indicated times and normalized to b-
galactosidase activity. (C) Introduction of p53 plasmids into HCT116 p53�/� cells decreased the wild-type Pin1 promoter–luciferase activity, but did not significantly change
the p53REs-deleted or mutated motif A p53RE Pin1 promoter–luciferase activity. Luciferase activity was measured after treatment with 1.0 lM thapsigargin for 24 h and
normalized to b-galactosidase activity. (D) HCT116 cells were treated with or without 1.0 lM thapsigargin for 24 h and then p53 binding to the element A and B regions of the
Pin1 promoter was analyzed by ChIP assay. The values are shown as the mean ± SD of three independent experiments. ⁄p < 0.05.

520 K. Jeong et al. / Biochemical and Biophysical Research Communications 454 (2014) 518–523
and 0.01% protease inhibitor cocktail). Protein concentrations of
the total lysates were determined by the Bradford method (Bio–
Rad, Hercules, CA, USA). Twenty micrograms of protein from the
total lysates were subjected to SDS-PAGE, transferred to Immobi-
lon-P membranes (Millipore, Bedford, MA), and incubated with pri-
mary antibodies in blocking solution (5% skim milk). Proteins were
visualized using the ECL-plus detection system (Santa Cruz).

2.6. Luciferase assay

HCT116 cells were co-transfected with 0.8 lg of the reporter
vector together with 0.4 lg p53 of expression vector. The empty
pcDNA vector was used to adjust the total amount of DNA and
0.8 lg of pCMV-b-galactosidase expression plasmid was used as
an internal control. Luciferase activity was determined using a
luciferase assay kit (Promega) according to the manufacturer’s
instructions. The relative luciferase activity was normalized
against the b-galactosidase activity.

2.7. Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was conducted using the protocol according to
the manufacturer’s instructions (Upstate Biotechnology, Lake Pla-
cid, NY, USA). Primers used were as follows: element A, forward
50-CCAGGGGTTCAAGCAATTTTC-30 and reverse 50-AAATAAAAG
GCTGGGTGCGGT-30 and element B, forward 50-ACCCACCTCGGCCT
TCCAAAG-30 and reverse 50-GAGCCAGACTTGGGTTTAAAG-30.

2.8. Site-directed mutagenesis

DpnI-mediated site-directed mutagenesis was employed for the
generation of mutant p53 binding site. PCR was performed using
50 ng of DNA template and a QuikChange Site-directed mutagene-
sis kit (Stratagene) was used according to the instruction manual. A
mutant reporter construct containing a putative p53 binding sites
in the Pin1 promoter (�2.3 kb) was generated by primers 50-TTTTC
ACCATACCTGCCAGGCTGG-30 (forward) and 50-AAAAGTGGTATGGA
CGGTCCGACC-30 (reverse). After PCR amplification, DpnI endonu-
clease was added and the mixture was incubated at 37 �C for 2 h
to allow for digestion of the parental methylated DNA. The
DpnI-treated dsDNA was used to transform DH5a competent cells.
Colonies were selected and the mutations were confirmed by DNA
sequencing.

2.9. TUNEL assay

The TUNEL (terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end-labeling) assay was conducted by using the
Apo-BrdU in situ DNA Fragmentation Assay Kit following the
protocol of the supplier (BioVision, Mountain View, CA). The TUNEL



Fig. 3. Regulation of Pin1 expression depends on p53 under ER stress. Effect of the p53 pharmacologic inhibitor pifithrin-a on p53 activity. (A, B) HCT116 p53+/+ cells were
cultured with 1.0 lM thapsigargin after treatment with or without pifithrin-a at the indicated doses and times. Pin1, p53, and GRP78 protein levels were analyzed by Western
blot. (C) HCT116 p53+/+ cells transiently transfected with the wild-type Pin1 promoter construct were cultured with 1.0 lM thapsigargin after treatment with or without
pifithrin-a for 24 h. Luciferase activity is expressed relative to that of non-treated cells. (D) The effect of pifithrin-a on Pin1 mRNA expression in HCT116 p53+/+ cells was
monitored by to real-time PCR analysis. Total RNA was isolated from HCT116 p53+/+ cells and then subjected to RT-PCR analysis. The values shown are the mean ± SD of three
independent experiments. ⁄p < 0.05, ⁄⁄p < 0.01 and #p < 0.05.

K. Jeong et al. / Biochemical and Biophysical Research Communications 454 (2014) 518–523 521
reaction was performed according to the manufacturer’s instruc-
tions. The number of apoptotic cells is expressed as a percentage
of the total cells counted from five random fields for each cover slip.
2.10. Statistical analysis

The results are expressed as the mean ± SD from at least three
independent experiments. Statistical analyses were conducted
using Student’s t-tests. By convention, a p value of <0.05 was con-
sidered statistically significant.
3. Results

3.1. Pin1 expression is p53 dependent under ER stress

To evaluate whether p53 regulates Pin1 expression, we first
examined the effect of the ER stress-inducer thapsigargin on Pin1
transcript level in HCT116 colon cancer cells. As shown in
Fig. 1A, treatment with thapsigargin decreased Pin1 mRNA level
in the presence of p53, concomitant with an increase in p21 mRNA
level, which is a gene known to be induced by DNA damage [21].
However, in the absence of p53 (HCT116 p53�/�), treatment with
thapsigargin had no effect on either Pin1 or p21 mRNA levels. Next,
Pin1 protein production was also observed upon treatment with
thapsigargin with GRP78 protein production used as a positive
control for ER stress (Fig. 1B). In the presence of p53, treatment
with thapsigargin decreased Pin1 protein level, consistent with
the mRNA results. In the absence of p53, Pin1 protein level was
not changed by treatment with thapsigargin [22]. In order to con-
firm these results, we compared Pin1 transcript levels upon thapsi-
gargin treatment in the presence or absence of p53. Real-time PCR
analysis revealed that ectopic expression of p53 significantly
reduced Pin1 transcript levels (Fig. 1C). Taken together, these
results demonstrate that p53 negatively regulates Pin1 expression
under ER stress.

3.2. p53 down-regulates Pin1 promoter activity

To further understand how Pin1 is down-regulated by p53 dur-
ing ER stress, we examined the effect of p53 on Pin1 promoter
activity. Using a promoter analysis program, two potential p53-
responsive elements (REs) were identified in an upstream 2.7 kb
noncoding region of the Pin1 gene (Fig. 2A). We then examined
whether the presence of this DNA segment was sufficient to reduce
luciferase reporter activity upon thapsigargin treatment in a time-
dependent manner (Fig. 2B). Pin1 promoter activity observed in
HCT116 p53+/+ cells was reduced in a time-dependent manner in
response to thapsigargin treatment compared to that in HCT116
p53�/� cells. To verify that the putative p53REs are crucial to



Fig. 4. Pin1 inhibits p53-mediated cell death under ER stress. (A) HCT116 p53+/+ cells co-transfected with Flag-Pin1 and HA-p53 were treated with 1.0 lM thapsigargin for
24 h, followed by Western blot analysis for caspase-3 activation. a-GAPDH was used as an internal loading control. (B, C) HCT116 p53+/+ cells co-transfected with Flag-Pin1
and HA-53 were exposed to 1.0 lM thapsigargin for 24 h. The cells were fixed, permeabilized, and followed by TUNEL assay (B). TUNEL-positive cells were quantified and
plotted. MTT assays were performed to determine cell viability (C). The values shown are the mean ± SD of three independent experiments. ⁄p < 0.05, ⁄⁄p < 0.01 and #p < 0.05.
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p53-mediated repression of the Pin1 promoter, we deleted the RE
sites and the resulting construct was then used to transfect
HCT116 p53�/� cells. As shown in Fig. 2C, transfection with the
deletion mutant reporter significantly restored the reduced pro-
moter activity by p53, indicating that the putative p53REs are cru-
cial for p53-mediated repression of the Pin1 promoter. To confirm
that p53 is capable of binding to these putative p53REs, we per-
formed ChIP assays with thapsigargin-treated or untreated
HCT116 colon cancer cells. p53 was recruited to the region con-
taining the p53RE binding sites in HCT116 p53+/+ cells but not in
HCT116 p53�/� cells and it interacted with A p53RE site but not
B p53RE site (Fig. 2D). To verify that the motif A p53RE site is cru-
cial to p53-mediated repression of the Pin1 promoter, we mutated
the motif A p53RE site (CTTG to ACCT) and the resulting construct
was then used to transfect HCT116 p53�/� cells with or without the
p53-expressing vector (Fig. 2C). The luciferase reporter containing
the mutated A p53RE site significantly restored the p53-mediated
reduced promoter activity as much as the deletion mutant repor-
ter, indicating that the A p53RE site is crucial for p53-mediated
repression of the Pin1 promoter.

3.3. p53 activity is required for the increased expression of Pin1 in
response to ER stress

We used the p53 inhibitor pifithrin-a to test whether attenua-
tion of p53 signaling leads to increased Pin1 protein production. To
investigate the effect of pifithrin-a on Pin1 expression under ER
stress, Pin1 protein expression level was monitored by Western
blot after co-treatment of pifithrin-a with thapsigargin. GRP78
was used as an ER stress marker. As shown in Figs. 3A and B, when
HCT116 p53+/+ cells were incubated with pifithrin-a, p53 protein
level was decreased in a dose- and time-dependent manner. In
contrast, Pin1 protein level increased significantly. We also demon-
strated that pifithrin-a treatment restores p53-mediated repres-
sion of Pin1 by luciferase assays and RT-PCR analysis under ER
stress (Figs. 3C and D), thereby suggesting that p53 is a key tran-
scriptional repressor of Pin1 under ER stress.
3.4. Pin1 protects p53-mediated ER stress-induced apoptosis

In HCT116 human colon adenocarcinoma cells, p53 expression
is known to trigger apoptosis since p53 is a key activator for the
expression of caspase-3, which induces the intrinsic apoptotic
pathway [23]. Thus we hypothesized that Pin1 could play a role
in p53-mediated apoptosis under ER stress. To test the hypothesis,
we co-transfected Flag-Pin1 and HA-p53 expression plasmids in
HCT116 p53+/+ cells treated with or without thapsigargin. ER stress
activated caspase-3 in HCT116 p53+/+ cells. However, overexpres-
sed Pin1 reduced caspase-3 cleavage induced by ER stress
(Fig. 4A). These results were verified by TUNEL assays (Fig. 4B)
and cell survival analyses (Fig. 4C). Our results clearly demonstrate
that Pin1 decreased p53-induced apoptosis under ER stress in
HCT116 p53+/+ cells.
4. Discussion

In this study, the relationship between Pin1 and p53 under ER
stress was investigated in the HCT116 human colon adenocarci-
noma cell line. We found that Pin1 expression levels were reduced
by ER stress and that this effect was mediated by p53. Furthermore,
functional p53 responsive elements were identified in the Pin1 pro-
moter. Therefore, we concluded that p53 is able to negatively reg-
ulate Pin1 expression levels. These results clearly show a
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functional relationship between Pin1 and p53, which are two
major proteins involved in human diseases such as Alzheimer’s
disease and cancer.

Several signal transduction pathways have been identified that
can explain how cells trigger programmed cell death when faced
with unfolded protein accumulation. Prolonged ER stress leads to
cell apoptosis. ER stress can induce multiple signaling pathways
involved in ER stress-induced apoptosis, such as caspase-12/cas-
pase-9/caspase-3, PERK/ATF4/CHOP, IRE-1/ASK1/JNK, and p53
pathways [9,24–26]. In this study, we first identified Pin1 as a
direct p53 target gene that contains functional p53REs in the pro-
moter region, and we demonstrated that Pin1 is repressed by p53
in response to ER stress (Fig. 2). We also found that Pin1 plays a
protective role from p53-mediated apoptosis under ER stress in
HCT116 colon cancer cells (Fig. 4). It has been suggested that tumor
suppressor p53 can induce growth arrest and cell death, and the
increase of p53 correlates with the potentiation of its ability to ini-
tiate apoptosis through activation of multiple pro-apoptotic genes,
such as Bax, Noxa, Puma, and Apaf–1 [27]. Also, Pin1 has been
known to regulate cell apoptosis by directly regulating pro-apopto-
sis proteins such as B-cell lymphomas2 (Bcl-2)-associated X pro-
tein (BAX) and death-associated protein 6 (Daxx) or anti-
apoptotic proteins such as Bcl-2 and myeloid cell Leukemia-1
[28]. It has been shown that Pin1 is crucial for p53 to take apopto-
tic response through conformational changes of phosphorylated
serine or threonine residues of p53 [29]. Pin1 is also required for
dissociation of p53 from relA-associated apoptosis inhibitor iASPP
[30]. On the contrary, the protective role of Pin1 against apoptosis
has been reported recently. Pin1 was found to be overexpressed in
human cancers including prostate, breast, lung, and cervical
tumors [31,32]. Consistent with its overexpression in cancers,
Pin1 activates a number of oncogenes including Ras signaling, sug-
gesting that Pin1 may act as a novel anti-cancer target [32]. How-
ever, the mechanism how Pin1 is amplified in cancer has not been
intensively studied. Although our studies strongly suggest a pro-
tective role of Pin1 in p53-mediated apoptosis under ER stress,
the mechanism by which Pin1 mediates protection against p53-
mediated apoptosis is not well understood. More research focusing
on the target of Pin1 in p53-mediated cell death would be needed.

It was previously reported that Pin1 levels are down-regulated
during ER stress in human neuroblastoma cells [33], which is con-
sistent with our results. However, the mechanism by which Pin1
expression levels are down-regulated by ER stress remained to
be elucidated. Here, for the first time, we demonstrate that p53
represses Pin1 expression under ER stress and that Pin1 protects
cells from p53-mediated apoptosis under ER stress. These results
may provide an important therapeutic strategy for chemothera-
peutic drugs through ER stress-associated signaling pathways.
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