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BACKGROUND AND PURPOSE
For four decades, 5-fluorouracil (5-FU) has been a major anti-cancer medicine. This drug is increasingly used with other
anti-cancer agents such as irinotecan. Irinotecan and many others such as PPD (pentyl carbamate of p-aminobenzyl
carbamate of doxazolidine) require activation by carboxylesterase-2 (CES2). 5-FU, on the other hand, reportedly induces CES2
in colorectal tumour lines. The aims of this study were to determine the molecular basis for the induction and to ascertain
interactive cell-killing activity between 5-FU and ester prodrugs.

EXPERIMENTAL APPROACH
Colorectal and non-colorectal lines and xenografts were treated with 5-FU and the expression of CES2 was determined.
Cell-killing activity of irinotecan and PPD were determined in the presence or absence of CES2 inhibitor. Several molecular
experiments were used to determine the molecular basis for the induction.

KEY RESULTS
Without exceptions, robust induction was detected in cell lines expressing functional p53. High-level induction was also
detected in xenografts. 5-FU pretreatment significantly increased cell-killing activity of irinotecan and PPD. Molecular
experiments established that the induction was achieved by both transactivation and increased mRNA stability through p53.
Either p63 or p73, functionally related to p53, did not support the transactivation.

CONCLUSIONS AND IMPLICATIONS
The results in this study suggest that FOLFIRI, a common regimen combining irinotecan and 5-FU, should switch the dosing
sequence, namely from 5-FU to irinotecan, to enhance hydrolytic activation of irinotecan. This modified order likely reduces
the dose of anti-cancer agents, thus minimizing overall toxicity. The results also conclude that p53 family members act
differently in regulating gene expression.

Abbreviation:
AAT, a-amanitin; CES, carboxylesterase; ChIP, chromatin immunoprecipitation; CHX, cycloheximide; 5-FU,
5-fluorouracil; PPD, pentyl carbamate of p-aminobenzyl carbamate of doxazolidine
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Introduction
Carboxylesterases (CES; E.C.3.1.1.1) constitute a class of
hydrolytic enzymes that play critical roles in drug metabo-
lism, detoxification of insecticides and lipid mobilization (Shi
et al., 2006, 2010; Wei et al., 2010; Yan, 2012). These enzymes
rapidly hydrolyse carboxylic acid esters and, to a lesser
extent, amides and thioesters (Shi et al., 2006). Among the
top 40 prescribed drugs in the United States in 2010, 20% are
esters and 12% are amides (Top 200, 2010). In addition, many
drugs such as irinotecan are ester prodrugs and require hydro-
lytic activation to exert anti-cancer activity (Wu et al., 2002;
Barthel et al., 2008; 2009). The human genome contains
seven CES genes including a pseudogene (Yan et al., 1999;
Yan, 2012). Two carboxylesterases, CES1 and CES2, are recog-
nized to play major roles in drug metabolism (Yan, 2012).
CES1 is encoded by two distinct genes: CES1A1 and CES1A2.
CES2 is encoded by a single gene but has several variants
produced through alternative splicing or alternative use of
the translation initiation codon (Yan, 2012).

While both CES1 and CES2 rapidly hydrolyse certain
standard substrates such as p-nitrophenyl acetate, many
drugs are hydrolysed predominately by one of them (Satoh
and Hosokawa, 2006; Shi et al., 2006; Tang et al., 2006). We
and other investigators have shown that the relative sizes
between the alcohol and acyl (acid) moieties of an ester
contribute significantly to the isoform-specific hydrolysis. For
example, the anti-influenza prodrug, oseltamivir, has a larger
acid group and is hydrolysed by CES1 (Shi et al., 2006). In
contrast, the anti-cancer prodrug, irinotecan, has a larger
alcohol moiety and is hydrolysed preferably by CES2 (Wu
et al., 2002). However, there are exceptions on this alcohol/
acyl ratio rule. For example, cis- and trans-permethrins,
although identical in terms of the relative sizes of the acid
and alcohol moieties, are differentially hydrolysed by CES1
and CES2 (Yang et al., 2009a). Likewise, PPD (pentyl car-
bamate of p-aminobenzyl carbamate of doxazolidine), a
prodrug of the anti-cancer agent doxazolidine, is hydrolysed
by CES2 to release 1-pentenol (Barthel et al., 2008). This
alcohol moiety is much less than the corresponding acid
moiety (<10%). While both PPD and irinotecan are hydro-
lysed predominately by CES2, irinotecan, but not PPD, causes
severe diarrhoea in certain individuals (Barthel et al., 2009; Di
Paolo et al., 2011).

Like many other xenobiotic-metabolizing enzymes (Lupp
et al., 2008), the expression of CESs is regulated by age (Yang
et al., 2009b; Shi et al., 2011) [15], hormones and therapeutic
agents (Zhu et al., 2000; Yang and Yan, 2007). In some cases,
the regulation exhibits profound-species differences. For
example, dexamethasone, a synthetic glucocorticoid, sup-
pressed several major rat CESs (Shi et al., 2008) but slightly
induced human CES1 and CES2 (Zhu et al., 2000). Recently,
several anti-cancer agents including 5-fluorouracil (5-FU)
were shown to induce CES2 in several colorectal tumour lines
through transactivation by the tumour suppressor p53,
although the magnitude of the transactivation was only mod-
erate compared with the induction of CES2 mRNA (Choi
et al., 2006).

This study was performed to determine whether the
induction occurs in vivo and whether the induction leads to
enhanced cell-killing activity of irinotecan and PPD. As

observed in vitro, robust induction of CES2 was detected in
xenografts and the induction occurred in a dose-dependent
manner. A set of molecular experiments established that
the induction was achieved by both transactivation and
increased mRNA stability through p53. However, neither p63
nor p73, functionally related proteins to p53, supported the
transactivation. In addition, 5-FU pretreatment significantly
increased cell killing of irinotecan and PPD. The increase
was detected in LS180 but not Huh7 cell line. Likewise,
LS180 line, but not Huh7, supported robust induction of
CES2. These findings underscore the importance of CES2
induction in the interactive cell killing between 5-FU and
CES2-activated prodrugs.

Methods

Chemicals and supplies
a-Amanitin (AAT), crystal violet, cycloheximide (CHX), 5-FU,
1-naphthylacetate, Hanks balanced salt solution and irinote-
can hydrochloride were from Sigma (St. Louis, MO, USA).
DMEM and high-fidelity Platinum Taq DNA polymerase were
from Life Technology (Carlsbad, CA, USA). Dual-Luciferase
Reporter Assay System was from Promega (Madison, WI,
USA). FBS were from HyClone laboratories (Logan, UT, USA).
The antibody against p53 was from Oncogene Research Prod-
ucts (Cambridge, MA, USA). The antibody against GAPDH
was from Abcam (Cambridge, UK). The goat anti-rabbit IgG
conjugated with HRP was from Pierce (Rockford, IL, USA).
Nitrocellulose membranes were from Bio-Rad (Hercules, CA,
USA). All cell lines except Huh7 were from American Type
Culture Collection (Manassas, VA, USA). Expression con-
structs for NF-E2-related factor-2 (Nrf2) and p53 family
proteins were purchased from OriGene Technologies Inc.
(Rockville, MD, USA). Unless otherwise specified, all other
reagents were from Fisher Scientific (Fair Lawn, NJ, USA).

Cell treatment and xenografts
All cell lines were maintained in DMEM containing 10% FBS,
penicillin and streptomycin, 1¥ non-essential amino acids.
Cells were usually seeded at a density of 3 ¥ 105 cells per well
(12 well plates) and treated with a chemical 12 h after
seeding. The treatment typically lasted for 48 h. To develop
xenografts, nude mice were s.c. implanted LS180 (1 ¥ 106

cells) under isoflurane anaesthesia. Treatment with 5-FU was
performed when tumour sizes reached ~8 mm in diameter.
After 48 h, tumours were harvested for the preparation of
total RNA and cell lysates. The use of animals was approved
by the IACUC. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). Total RNA (1 mg) was subjected to reverse tran-
scription (Ma et al., 2004) and analysed for the level of CES2
mRNA with TaqMan Gene Expression Assay (Applied Biosys-
tems, Foster City, CA, USA), as described previously (Yang
et al., 2011). The TaqMan assay identification numbers were
as follows. CES2: Hs00187279_m1; GAPDH, 4352934E; and
RNA polymerase II, Hs00172187_m1. The mRNA levels were
normalized according to the level of GAPDH and the nor-
malization of selected samples was confirmed based on the
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signal of RNA polymerase II. Amplification and quantifica-
tion were performed with the Applied Biosystems 7500 Real-
Time PCR System.

Reporter assays
The CES2 reporters containing the promoter and its upstream
sequence at varying length were prepared by inserting a
genomic fragment into the pGL3 basic luciferase vector at the
Mlu I and Xho I sites (Yang et al., 2007). All reporter frag-
ments were generated by PCR with high-fidelity Platinum Taq
DNA polymerase. The primer sequences are listed in Table 1.
The CES2-PE element and CES2-intronic element reporters
were prepared by inserting respective oligonucleotides
(Table 1) into the pGL3 promoter vector at the Nhe I and Xho
I sites. All constructs were confirmed by sequencing. The
CES2 intronic reporter was provided by Dr Wei Zhang of the
University of Texas MD Anderson Cancer Center (Choi et al.,
2006). The reporter assays were performed as described pre-
viously (Liu et al., 2008). In addition, the reporters containing
CES2 cDNA at different lengths were constructed as well.
However, the cDNA reporters were constructed with the
promoter/enhancer pGL3 vector at the Xba I and Fse I restric-
tion endonuclease sites.

EMSA
The EMSA experiment was performed as described previously
(Li et al., 2004). Nuclear extracts of LS180 cells treated with

5-FU (10 mM) for 48 h were prepared with the nuclear and
cytoplasmic extraction kit (Pierce, Rockford, IL, USA).
The sense and anti-sense oligonucleotides (Table 1) were
annealed by heating at 94°C for 5 min, followed by gradually
cooling to room temperature. The sense strand was synthe-
sized as labelled or non-labelled form (for competition).
Nuclear protein (5 mg) was incubated with a double-stranded
biotinylated probe (0.1 pmol) at room temperature for
20 min. In competition assays, nuclear extracts were first
incubated with an unlabelled probe at a 25¥ or 100¥ excess
for 20 min before the addition of the labelled probe. For
antibody-disruption assay, the nuclear extracts were first
incubated with an antibody against p53 (ASK07) on ice for
20 min and then with the labelled probe. The protein-DNA
complexes were resolved by non-denaturing PAGE (5%) and
transferred onto a Biodyne® nylon membrane (Pierce, Rock-
ford, IL, USA). The biotinylated probe was detected with
streptavidin-conjugated HRP and chemiluminescent sub-
strate (Pierce, Rockford, IL, USA). The staining intensity was
captured by Carestream 2200 PRO Imager (Carestream
Health Inc, Woodbridge, CT, USA).

Chromatin immunoprecipitation (ChIP)
ChIP experiment was performed as essentially described pre-
viously (Liu et al., 2008). LS180 cells were treated with 5-FU
(10 mM) for 48 h, washed and underwent cross-linking for
15 min by 1.0% formaldehyde at room temperature, and the

Table 1
Sequences of primers for reporter constructs

Primer Sequence Application

CES2-612MluI 5′-actgacgcgtgaccctcagaccctggactg-3′ Reporter

CES2-282MluI 5′-actgacgcgtggcacagccccttccgagga-3′ Reporter

CES2-252MluI 5′-actgacgcgtgcccgggcaaaggaaagtgg-3′ Reporter

CES2-222MluI 5′-actgacgcgtgcctgcctaccactagatcc-3′ Reporter

CES2-192MluI 5′-actgacgcgtatgactgctcagtcccgctc-3′ Reporter

CES2p53-252-222 NheIs 5′-ctaggcccgggcaaaggaaagtggccgtgcccggg-3′ Reporter

CES2p53-252-222 XhoIa 5′-tcgacccggggcacggccactttcctttgcccgggc-3′ Reporter

CES2p53-252-222 NheIs-M 5′-ctaggcccgggctttggaaagtggcgcaccccggg-3′ Reporter

CES2p53-252-222 XhoIa-M 5′-tcgacccgggtgcgccactttccaaagcccgggc-3′ Reporter

CES2-Intron p53 NheIs 5′- ctagagaccagcttgggcaacaagacttgtct-3′ Reporter

CES2 Intron p53 XhoIa 5′- tcgaagacaagtcttgttgcccaagctggtct-3′ Reporter

CES2 Intron p53 1148s 5′- tgcactgcagggcttcct-3′ ChIP

CES2 Intron p53 1417a 5′- ctgagtagcttggagtacagc-3′ ChIP

CES2 mRNA-59 Xbals 5′-gtgctctagaagcggtgaccgcggccctggc-3′ cDNA reporter

CES2 mRNA-1193 FseIa 5′-gctcggccggccacgaagtctgtgcagccgcat-3′ cDNA reporter

CES2 mRNA-1134 Xbals 5′-agcctctagatgaacagcagcgtgtccgccg-3′ cDNA reporter

CES2 mRNA-2101 FseIa 5′-accaggccggccatcatcttgaaaggcttgtta-3′ cDNA reporter

CES2 mRNA-2088 Xbals 5′-agattctagaaattaacaagcctttcaagat-3′ cDNA reporter

CES2 mRNA-3092 FseI 5′-tgagggccggcctcactgtgttgccctggctgg-3′ cDNA reporter

CES2 mRNA-3061 Xbals 5′-cggttctagaccgccagccagg gcaacaca-3′ cDNA reporter

CES2 mRNA-3834 FseIa 5′-ttcaggccggccagggatgaacggacatag-3′ cDNA reporter
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cross-linking was terminated with glycine (final concentra-
tion of 125 mM). The soluble chromatins were prepared as
described previously (Liu et al., 2008). For ChIP experiment,
chromatins were pre-cleared for 2 h at 4°C with protein G
beads pretreated with herring sperm DNA (0.2 mg·mL-1) and
BSA (0.5 mg·mL-1). A fraction of the pre-cleared chromatins
was stored at -80°C for later use as an input. An antibody
against p53 was added into the pre-cleared chromatins, and
an overnight incubation at 4°C was performed. As a negative
control, incubation was performed with pre-immune IgG.
The antibody-bound chromatins and DNA input were ana-
lysed by PCR for the presence of the genomic fragments
containing the IE, the promoter element or no putative
element, with primers shown in Table 1. The PCR was per-
formed with Platinum Taq DNA polymerase for a total of 32
cycles at 94°C for 30 s, 58°C for 30 s and 68°C for 60 s. A
3 min initial denaturation was performed.

Hydrolytic activity
Two experimental approaches were used to determine the
hydrolytic activity: native gel electrophoresis and intracellu-
lar hydrolysis-based fluorescence. Native gel electrophoresis
stained for esterase activity was conducted as described pre-
viously (Yang et al., 2001). Cell lysates (10 mg) was solubilized
with 0.2% Lubrol and subjected to electrophoresis with a 3%
acrylamide stacking gel and a 7.5% acrylamide separating gel.
After electrophoresis, the gels were washed for 1 h in 100 mM
potassium phosphate buffer (pH 6.5), followed by incubating
in the same buffer containing 1-naphthylacetate (5 mM) and
4-benzolamino-2,5-dimethoxybenzenediazonium chloride
hemi (zinc chloride) salt, usually termed Fast Blue RR
(0.4 mg·mL-1). The staining of esterases by this method is
based on the formation of a black, insoluble complex
between 1-naphthol hydrolysed from 1-naphthylacetate and
Fast Blue RR.

For intracellular hydrolysis, LS180 cells were treated with
5-FU (5 mM) or DMSO for 48 h. The cells were then exten-
sively washed followed by incubation with 0.2 mM PPD for
24 h. PPD was provided by Dr Ted Koch of University of
Colorado for PPD. Cell fluorescence intensity was viewed by
fluorescent microscope (Nikon TE2000-E, Nikon Instruments
Inc., Melville, NY, USA) or quantified by flow cytometry. Cells
were plated in 6 well plates and treated with 5-FU (5 mM) and
PPD (0.2 mM) for 48 h. For cytometric analysis, cells were
washed with PBS, removed and digested with trypsin for
5 min. Single cell suspensions were prepared and transferred
to sample tubes, washed again with PBS and analysed by a
FACScan flow cytometer.

Other analyses
Protein concentrations were determined with bicinchoninic
acid assay (Pierce) based on albumin standard. Western blot-
ting was performed as described previously (Shi et al., 2008).
Data are presented as mean � SD of at least three separate
experiments, except where results of blots are shown, in
which case a representative experiment is depicted in the
figures. Statistical significance between two means was
made according to one-way ANOVA, followed by a Duncan’s
multiple comparison test (P < 0.05). Letters or lines combin-
ing with asterisks were used to indicate data points for the
comparisons.

Results

In vitro and in vivo induction of CES2 by
5-FU in cell lines with different p53 status
CES2 has been shown to play critical roles in the activation of
several anti-cancer ester prodrugs such as irinotecan (Wu
et al., 2002; Barthel et al., 2008). It has been reported that
5-FU, commonly used in combination with irinotecan, mark-
edly induced CES2 mRNA in several colorectal tumour lines
and the induction required the presence of functional p53
(Choi et al., 2006). In this study, we first tested whether the
induction occurs in non-colorectal tumour lines and whether
the induction occurs in vivo. Cells were treated with 5-FU and
the level of CES2 mRNA was determined. Consistent with the
previous report (Choi et al., 2006), induction of CES2 mRNA
varied markedly, depending on the status of p53 but not the
organs from which a cell line was derived. For example,
HepG2 (hepatic origin) and LS180 (colorectal origin), known
to express functional p53 (Thottassery et al., 1997; Calvisi
et al., 2011), supported robust induction of CES2 mRNA
(Figure 1A). In contrast, little induction was detected in cells
HT29 (colon), Caco-2 (colorectal) and Huh7 (Hepatic)
(Figure 1A). These lines are known to express non-functional
p53 (Thottassery et al., 1997; Choi et al., 2006; Calvisi et al.,
2011; Ray et al., 2011). The induction of CES2 mRNA
occurred in a concentration-dependent manner and propor-
tionally increased CES2 protein (Figure 1B). To link the induc-
tion to clinical situation, mice were xenografted with LS180
and treated with 5-FU at comparable concentrations used for
the in vitro study. As shown in Figure 1C, xenografts with
5-FU-treated mice increased CES2 protein and hydrolytic
activity up to approximately twofold.

Transactivation of CES2 by p53 but not p63
or p73
It is well established that the p53 class of proteins is sequence-
specific transcription factors (Maiyar et al., 1996; Moll et al.,
2006; Patel et al., 2008; Noureddine et al., 2009; Dötsch et al.,
2010; Zdzalik et al., 2010). We next confirmed whether 5-FU
induces CES2 through transactivation. To test this possibility,
induction of CES2 by 5-FU was performed in the presence or
absence of RNA polymerase II inhibitor AAT and protein
synthesis inhibitor CHX (Shi et al., 2010). As shown in
Figure 2A, both AAT and CHX abolished the induction, sug-
gesting that the induction is achieved by transactivation and
requires newly synthesized protein (Figure 2A). Next, we
tested whether 5-FU activates the CES2 promoter. Dissection
analysis of the CES2 promoter and upstream regulatory
sequence located an element (-252 to -222) that supported
the transactivation in response to 5-FU. This element, desig-
nated proximal element (PE), is a putative p53 element based
on computer program prediction.

Choi et al. (2006) reported earlier that an intronic p53
element (IE) in the CES2 gene supported 5-FU in the transac-
tivation. The PE has 55% sequence identity, whereas the
IE has 35% with the consensus p53 element (in bold)
(Figure 2B). Nevertheless, we next tested whether the PE and
IE differ in supporting the transactivation of CES2 in LS180.
As shown in Figure 2C, both CES2-252-Luc and CES2-PE-Luc
but not CES2-IE-Luc responded to 5-FU and the transactiva-
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tion increased with increasing concentrations of 5-FU. It
should be emphasized that comparable activation was
detected in HepG2 but not Huh7 line. Once again, the
former, but not the later, expresses functional p53. To test
whether transfection of p53 into Huh7 cells is sufficient to
support the activation of CES2-252-Luc, Huh7 and LS180
were transfected with a p53 expression plasmid along with
the CES2-252-Luc reporter. As shown in Figure 2D, transfec-
tion of p53 increased the activation of CES2-252-Luc by
sixfold in Huh7 cells and twofold in LS180 respectively. The

higher activation in Huh7 cells was likely due to its lower
basal activity compared with LS180 cells. In contrast, the
CES2-intronic Luc reporter was not activated in either cell
line, and actually, this reporter was repressed in both lines
(Figure 2D). The p53 family has several members and they
share similar DNA binding specificity (Patel et al., 2008;
Dötsch et al., 2010). We next tested whether p63 and p73
activated CES2-252-Luc. As shown in Figure 2E, p63 and p73,
in contrast to p53, repressed this reporter.

Differential interaction with p53 between the
promoter and intronic p53 elements
It was surprising that the promoter, but not the intronic
reporter, was activated by p53 (Figure 2D). We next tested
whether these elements differentially interact with p53. We
first performed EMSA. As shown in Figure 3A, incubation of
the promoter element with the nuclear extract from p53-
transfected cells led to two major shifted bands, a typically
banding pattern of p53 (Maiyar et al., 1996). These bindings,
however, were completely competed by cold promoter
element or abolished considerably by an antibody against
p53. Interestingly, the bindings were also competed by the IE
(Figure 3A). These findings suggested that both the promoter
and the IEs are bound by p53, with the promoter element
being bound to a higher extent.

We next tested whether these two elements are differen-
tially bound by p53 intracellularly. ChIP experiment was
performed in LS180 cells treated with 5-FU or DMSO. As
shown in Figure 3B, chipped DNA by p53 antibody showed
the abundant presence of this transcription factor in the
region containing the promoter but not the IE. The presence
was greatly enhanced in 5-FU-treated cells (Figure 3B). As
expected, the region (labelled as N) lacking a putative p53
binding site was not enriched by p53 antibody (Figure 3B). It
should be noted that pre-immune IgG was used as a control
but did not enrich any fragments (data not shown). To
further establish that the promoter element represents a p53
binding site with higher binding affinity than the IE, we
performed the ChIP experiment with chromatins from cells
transfected with the promoter and IEs together. The p53
antibody-enriched chromatins were amplified by the primers
recognizing the vector and the amplified fragments were sub-
jected to Sma I digestion. The promoter, but not the intronic,
element was digested by this endonuclease to produce frag-
ments with 25 and 150 base pairs respectively. As shown in
Figure 3C, ChIP significantly enriched the promoter element
reporter and proportionally decreased the enrichment of the
IE reporter (Figure 3C, right).

Increases in intracellular hydrolysis and
interactive enhancement in cell killing
To shed light on the potential clinical significance of the
induction, we tested whether 5-FU pretreatment increases
intracellular hydrolysis of PPD, a prodrug of the anti-cancer
agent doxazolidine (Barthel et al., 2008). PPD undergoes
exclusive hydrolysis by CES2, and the hydrolytic metabolite
of PPD produces strong fluorescent chromophore (Barthel
et al., 2008; 2009), allowing the hydrolysis to be monitored in
intact cells. As shown in Figure 4A (left), pretreatment with
5-FU, compared with the vehicle, increased the intracellular

Figure 1
Induction of CES2 mRNA in vitro and in vivo. (A) Induction of CES2
mRNA in various tumour lines wherein HepG2, LS180, HT-29,
Caco-2 and Huh7 cells were treated with 5-FU at 10 mM or DMSO for
48 h. The level of CES2 mRNA was determined by RT-qPCR. The level
of CES2 mRNA was normalized according to the level of GAPDH
mRNA and expressed as fold of induction. *Indicates statistical sig-
nificance (P < 0.05). (B) Induction of CES2 mRNA as a function of
5-FU LS180 cells was treated with 5-FU at 0, 1, 10 or 80 mM and the
level of CES2 mRNA was determined. *Indicates statistical signifi-
cance (P < 0.05). (C) Induction of CES2 in vivo wherein xenograft-
bearing mice (n = 4) were i.v. injected with 5-FU (0, 1 and
10 mg·kg-1) and tumours were harvested 48 h after the treatment.
Homogenates (5 mg) from pooled samples analysed by Western blot-
ting or stained for the hydrolysis of 1-naphthylacetate as described in
the Methods section.
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fluorescence upon treatment with PPD. The increase was sta-
tistically significant based on cytometric analysis (Figure 4A,
middle). To specify the induction of CES2, the lysates were
subjected to native gel electrophoresis stained for CES activity
with 1-naphthylacetate, a standard substrate for CES. As
shown in Figure 4A (right), both CES1- and CES2-based
hydrolyses were markedly increased, with CES2 activity being
increased to a much greater extent. PPD did not increase the
activity of CES2.

To link the induction directly to anti-cancer activity, the
effect of 5-FU pretreatment on the clonogenic inhibition by
irinotecan and PPD was determined. Huh7 and LS180 cells
were pretreated with four schedules (Figure 4B, left) and 5-FU
was used at 5 mM, a concentration that caused significant
induction of CES2 but only moderate clonogenic inhibition
(16–19%). In addition, orlistat was used in some cases to
selectively inhibit CES2-based catalysis (Xiao et al., 2013).
Consistent with the little induction of CES2 in Huh7 cells
(Figure 1A), pretreatment of this cell line with 5-FU did not
enhance cell-killing activity of irinotecan or PPD (Figure 4B,
middle), although moderate attenuation was detected by orli-
stat pretreatment (pretreatment schedule-2 and 4: S2 and S4).
In contrast, pretreatment of LS180 cells with 5-FU caused

significant reduction in clonogenesis in response to irinote-
can and PPD (schedule-3, S3) (Figure 4B, right). Importantly,
orlistat reversed the effect of 5-FU pretreatment on the reduc-
tion of clonogenesis, although the reversal did not reach
statistical significance in the case of irinotecan (Figure 4,
right). Figure 4C shows representative clonogenic images in
LS180 line by 5-FU pretreatment, PPD and the reversal by
orlistat. It should be noted that cell viability assay, commonly
referred to as MTT, showed similar interactive cell toxicity
between 5-FU and an ester prodrug.

Involvement of mRNA stability in
CES2 induction
Clearly, transactivation plays a major role in the induction of
CES2 by 5-FU. However, the reporter activation (Figure 2),
compared with the induction of CES2 mRNA (Figure 1), was
modest. One explanation is that the induction of CES2
mRNA was achieved by increasing CES2 mRNA stability as
well (in addition to transactivation). To shed light on this
possibility, luciferase reporters were constructed to include
part of CES2 cDNA sequence, designated as cDNA reporters,
and tested for altered activity by 5-FU. As shown in Figure 5,

Figure 2
Activation of CES2 reporters by 5-FU. (A) Effect of AAT or CHX on the induction of CES2 mRNA LS180 cells were treated with 5-FU (10 mM) or
in combination with AAT (1 mg·mL-1) or CHX (10 mM) for 48. The level of CES2 mRNA was determined by RT-qPCR. (B) Diagrams of various
reporters. Solid lines represent the real sequence, but dotted lines represent deleted sequences. (C) Activation of CES2 reporters LS180 cells were
transiently transfected by FuGene HD with a mixture containing 50 ng of a reporter, or the vector along with 5 ng of the null-Renilla luciferase
plasmid. The transfected cells were then treated with 5-FU at 0–80 mM for 24 h. Luciferase activities were determined with a Dual-Luciferase
Reporter Assay System and the signals were expressed as fold of activation. *Indicates statistical significance from the vector (P < 0.05). (D)
Activation of CES2-252-Luc by p53 LS180 and Huh7 cells transfected with a mixture containing 50 ng of CES2-252-Luc and 5 ng of the null-Renilla
luciferase plasmid along with 20 ng of p53 plasmid or the vector. After 24 h of incubation, luciferase activities were determined and expressed
as above. *Indicates statistical significance from the vector control (P < 0.05). (E) Relative transactivation of CES2-252-Luc by p53, p63 or p73
LS180 cells were transfected as above and luciferase activities were determined as above. *Indicates statistical significance (P < 0.05).
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Figure 3
Analyses of the PE p53 element by EMSA and ChIP. (A) EMSA analysis of nuclear extracts (5 mg) from LS180 cells treated with 5-FU (10 mM) for
48 h that were incubated with a biotinylated probe containing the PE p53 element (0.1 pmol) for 20 min. In the competition assay, nuclear
extracts were pre-incubated with the unlabelled PE p53 element (25¥ or 100¥), intronic p53 element (25¥ or 100¥) for 5 min, and then incubated
with the biotinylated probe. In disruption assay, nuclear extracts were incubated first with an antibody against p53 on ice for 20 min and
then with the biotinylated probe. The protein-DNA complexes were electrophoretically resolved, transferred to a Biodyne nylon membrane and
located with streptavidin-conjugated HRP and chemiluminescent substrate. (B) ChIP analysis of the LS180 cells that were treated with 5-FU
(10 mM) or DMSO for 48 h, washed and underwent cross-linking for 15 min by 1% formaldehyde, and the cross-linking was terminated with
125 mM glycine. The soluble chromatins were prepared, pre-cleared with protein G beads and incubated with anti-p53 antibody or pre-immune
IgG. The antibody-bound chromatins and DNA input (1/20 of the antibody-bound chromatins) were analysed by PCR for the presence of the
genomic fragments containing the PE p53 element, the intronic p53 element or no putative p53 element, with the primers indicated in the
diagram. The primer sequences are shown in Table 1. (C) ChIP analysis on PE and IE reporters, in which LS180 cells were transfected with
CES2-PE-Luc (1.2 mg, PE), CES2-intronic E-Luc (1.2 mg, IE) and p53 (0.5 mg). ChIP analyses were performed as described earlier. However, the
primers for PCR recognized the vector sequences. The amplified PCR products were purified and digested with Sma I (PE but not IE contains a
Sma I site). The digested products were analysed by 7% PAGE and stained by ethidium bromide. The left part shows representative staining image,
whereas the right part shows the quantitative results from three separate experiments. *Indicates statistical significance (P < 0.05). All experiments
in this figure were performed three times.
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the cDNA reporters, CES2-59/1193Luc and CES2-2088/
3092Luc, showed significant increased activity in 5-FU-
treated cells. The increase with CES2-59/1193Luc was greater
than that with CES2-2088/3092Luc. Next, we tested whether

these reporters respond to p53 or p63. As shown in Figure 5
(right), all cDNA reporters, compared with the vector
reporter, showed increased activity in p53-transfecetd cells,
with CES2-59/1193Luc increasing the most. In contrast, p63

Figure 4
Intracellular hydrolysis of PPD and interactive cell killing among 5-FU, irinotecan and PPD. (A) Hydrolysis of PPD in which LS180 cells were treated
with 5-FU (5 mM) or DMSO for 48 h and then incubated with PPD (0.2 mM) for 24 h. Cell fluorescence intensity was viewed by fluorescent
microscope (Nikon TE2000-E) (left) or quantified by flow cytometry (middle). Lysates (10 mg) from the treated cells were subjected to native gel
electrophoresis and stained for esterase activity with 1-naphythalacetate as described in the Methods section. The staining intensity was captured
by Carestream 2200 PRO Imager. (B) Pretreatment schedules and colonogenic formation cells (Huh7 and LS180) were seeded at a 10% confluence
overnight and pretreated with a schedule (left). After extensive washing, cells were treated with irinotecan (0.3 mM) or PPD (0.2 mM) for 48 h. The
cells were cultured for 15 days and colonies were stained with 0.1% crystal violet. The results are from three separate experiments and * indicates
statistical significance (P < 0.05). (C) Representative colony staining of LS180 was shown.

Figure 5
CES2 cDNA reporter activation by 5-FU, p53 or p63. LS180 cells were transfected with a mixture containing 50 ng of a cDNA luciferase reporter
or the vector along with 5 ng of the null-Renilla luciferase plasmid. The transfected cells were then treated with DMSO or 5-FU (10 mM) for 24 h
and luciferase activities were determined as above. The reporter signals were normalized with Renilla luciferase and expressed as fold of activation
(middle). *Indicates statistical significance from the vector (P < 0.01). Alternatively, LS180 cells were transfected with a mixture containing 50 ng
of a cDNA reporter, and 5 ng of the null-Renilla luciferase plasmid along with 20 ng of p53 or p63 plasmid. Luciferase activities were determined
as above. *Indicates statistical significance from the vector (P < 0.05). All experiments in this figure were performed three times.
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caused increases in two cDNA reporters and decreases in the
remaining two.

Discussion

CES2 is abundantly expressed in the liver and the gastroin-
testinal tract, and this CES represents a major pharmacoki-
netic determinant of many chemotherapeutic agents (Yan,
2012). 5-FU is widely used in combination with other chemo-
therapy agents, including irinotecan, to treat several types of
cancer and has been on the market for many decades (Poujol
et al., 2007; Toffoli et al., 2010; Lee and McKay, 2011; Tamura
et al., 2011; Yamashita et al., 2011). In this study, we have
shown that 5-FU significantly induced CES2 and the induc-
tion occurred in vitro and in vivo (Figure 1). A p53 element in
the CES2 proximal promoter supported the transactivation
(Figures 2 and 3). However, a promoter reporter harbouring
this element was activated by p53 but not its functionally
related protein p63 and p73 (Figure 2). Importantly, pretreat-
ment with 5-FU significantly enhanced the inhibitory poten-
tial of anti-cancer ester prodrug irinotecan and PPD on
clonogenesis (Figure 4), providing a therapeutic interaction
with a potential of enhanced anti-cancer activity.

The induction-based interaction operates at a highly sen-
sitive level. In this study, we have shown that 5-FU at 10 mM,
a small fraction of plasma concentrations commonly seen in
patients (Bocci et al., 2006), induced CES2 mRNA by as many
as ninefold (Figure 1). Importantly, cells pretreated with this
concentration showed significant reductions in clonogenic
formation in response to irinotecan at 0.3 mM (Figure 4). Like-
wise, the concentration of irinotecan used in this study rep-
resented 10% of the plasma concentrations commonly seen
in patients (de Jonge et al., 2000). The enhanced cell-killing
activity was also detected with PPD (Figure 4). Both irinote-
can and PPD are therapeutically activated by CES2, although
they differ in the mechanisms of action in anti-cancer
(Barthel et al., 2009; Marsh and Hoskins, 2010), suggesting a
critical role of CES2 induction in enhanced cell killing. Inter-
estingly, the reduction of clonogenesis by PPD was signifi-
cantly reversed by orlistat, a potent CES2 inhibitor (Figure 4,
right). However, this inhibitor was less effective in reversing
the inhibited clonogenesis by irinotecan. The differential
reversal on irinotecan and PPD was likely due to their differ-
ences in the metabolic activation by CESs. PPD is exclusively
hydrolysed by CES2 (Barthel et al., 2009), whereas irinotecan
is a substrate of both CES1 and CES2 (Wu et al., 2002;
Sanghani et al., 2004). Although irinotecan is preferably
hydrolysed by CES2, it is likely that CES1 effectively hydro-
lyses this ester in the absence of CES2.

The enhanced cell-killing activity of irinotecan and PPD
by 5-FU pretreatment argues for the importance of the order
of administration in the dosing schedules, although clinical
trials are required to definitively establish this possibility.
While we have shown that 5-FU is a potent inducer of CES2,
the induction was completely abolished by AAT (transcrip-
tion inhibitor) and CHX (protein synthesis inhibitor)
(Figure 2A). These findings suggest that induction of CES2
represents an event secondary to another, namely the induc-
tion of p53. Interestingly, FOLFIRI, one of the standard regi-
mens for advanced colorectal cancer, uses a reversed order of

administration (Tamura et al., 2011; Yamashita et al., 2011).
This regimen consists of 2 h i.v. infusion of l-leucovorin,
90 min i.v. infusion of irinotecan followed by i.v. bolus of
5-FU on day 1. Clearly, this regimen may not have much
CES2 induction-based enhancement of irinotecan therapy.
On the other hand, lack of the enhancement likely reduces
adverse effects associated with the use of irinotecan, which is
potentially a major merit of the FOLFIRI protocol (Poujol
et al., 2007). Alternatively, maximization of the CES2-
induction-based enhancement, namely a reversal of the iri-
notecan and 5-FU administration in FOLFIRI and probably
separated by 1 day, likely requires much lower dosing of
irinotecan, thus reducing toxic potential. Given the impor-
tance of p53 in the induction, hydrolysis-based enhancement
will be evident in the tumours that express functional p53.

Interestingly, p63 and p73, two functionally related
proteins to p53, did not transactivate the CES2-252-Luc
(Figure 2E), a CES2 promoter reporter. These two proteins
are highly identical in the DNA binding domain (>60%)
(Noureddine et al., 2009; Dötsch et al., 2010). It is established
that p53 family members recognize similar DNA elements.
On the other hand, these proteins are much less identical in
other regions than the DNA binding domain. For example,
the N-terminal sequences show a <30% sequence identity
(Zdzalik et al., 2010). These regions may prevent p63 and p73
from binding to the element in the native promoter. Alter-
natively, these regions may recruit proteins with different
transactivation activity and such differential recruitment
occurs only with the native promoter context. In support of
this possibility, the N-terminal sequence among these pro-
teins has been shown to differentially interact with other
protein (de Jonge et al., 2000; Zdzalik et al., 2010). Therefore,
the magnitude of the induction is likely determined by the
relative levels of members of the p53 family of proteins.

It was surprising that the previously reported IE showed
little responsiveness to 5-FU (Figure 2). While both elements
are predicted to respond to p53, the proximal promoter
element is closer to the p53 consensus sequence than the IE
(Figure 2B). Whether differences in these nucleotides are
responsible for the weaker interaction with p53 remains to be
determined. Nevertheless, the IE competed with the pro-
moter element for p53 binding, although the competitive
binding was modest (Figure 3A). Consistent with the weaker
binding, ChIP detected the abundant presence of p53 in the
promoter but not the IE-containing genomic fragment
(Figure 3B). To further support the weaker interaction of the
IE with p53, our reporter transfection coupled ChIP analysis
detected significantly higher enrichment of the promoter –
than the intronic – element reporter (Figure 3C). Clearly, the
promoter element is critical for the induction of CES2 in
response to 5-FU. However, the magnitude of transactivation
of all CES2 promoters tested showed only moderate response
compared with the induction of CES2 mRNA (Figures 1 and
2). Among all promoter reporters, the maximal activation by
5-FU at 10 mM was approximately twofold, whereas the same
concentration induced CES2 mRNA by as many as eightfold
(Figures 1 and 2). It is likely that increased stability of CES2
mRNA is at least, in part, responsible for higher magnitude of
mRNA induction (Figures 1 and 5).

In summary, our work points to several important con-
clusions. First, p53 induces CES2 by transactivation and
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increased mRNA stability. Second, the induction of CES2
provides an example on how p53 family members act differ-
ently in regulating gene expression, although they share
similar DNA binding specificity. Third, we have shown that
induction of CES2 presents a source for hydrolysis-based
interactions among commonly used anti-cancer medicines.
Fourth, these interactions may favour the anti-cancer activity,
but the sequence of administering these drugs may be impor-
tant for maximizing the therapeutic potentials and minimiz-
ing the toxicological responses.
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