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Abstract

Background and Purpose: NAD(P)H: quinone oxidoreductase 1 (NQO1) mediated quinone reduction and subsequent UDP-
glucuronosyltransferases (UGTs) catalyzed glucuronidation is the dominant metabolic pathway of tanshinone IIA (TSA), a
promising anti-cancer agent. UGTs are positively expressed in various tumor tissues and play an important role in the
metabolic elimination of TSA. This study aims to explore the role of UGT1A in determining the intracellular accumulation
and the resultant apoptotic effect of TSA.

Experimental Approach: We examined TSA intracellular accumulation and glucuronidation in HT29 (UGT1A positive) and
HCT116 (UGT1A negative) human colon cancer cell lines. We also examined TSA-mediated reactive oxygen species (ROS)
production, cytotoxicity and apoptotic effect in HT29 and HCT116 cells to investigate whether UGT1A levels are directly
associated with TSA anti-cancer effect. UGT1A siRNA or propofol, a UGT1A9 competitive inhibitor, was used to inhibit
UGT1A expression or UGT1A9 activity.

Key Results: Multiple UGT1A isoforms are positively expressed in HT29 but not in HCT116 cells. Cellular S9 fractions
prepared from HT29 cells exhibit strong glucuronidation activity towards TSA, which can be inhibited by propofol or UGT1A
siRNA interference. TSA intracellular accumulation in HT29 cells is much lower than that in HCT116 cells, which correlates
with high expression levels of UGT1A in HT29 cells. Consistently, TSA induces less intracellular ROS, cytotoxicity, and
apoptotic effect in HT29 cells than those in HCT116 cells. Pretreatment of HT29 cells with UGT1A siRNA or propofol can
decrease TSA glucuronidation and simultaneously improve its intracellular accumulation, as well as enhance TSA anti-cancer
effect.

Conclusions and Implications: UGT1A can compromise TSA cytotoxicity via reducing its intracellular exposure and
switching the NQO1-triggered redox cycle to metabolic elimination. Our study may shed a light in understanding the
cellular pharmacokinetic and molecular mechanism by which UGTs determine the chemotherapy effects of drugs that are
UGTs’ substrates.

Citation: Liu M, Wang Q, Liu F, Cheng X, Wu X, et al. (2013) UDP-Glucuronosyltransferase 1A Compromises Intracellular Accumulation and Anti-Cancer Effect of
Tanshinone IIA in Human Colon Cancer Cells. PLoS ONE 8(11): e79172. doi:10.1371/journal.pone.0079172

Editor: Devanand Sarkar, Virginia Commonwealth University, United States of America

Received May 27, 2013; Accepted September 20, 2013; Published November 14, 2013

Copyright: � 2013 Liu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was financially supported by a Foundation for the Author of National Excellent Doctoral Dissertation of China (Grant 200979), Natural
Science Foundation of China (Grants 91029746 and 81273586), Natural Science Foundation of Jiangsu province (Grants BK2011065 and BK2012026), and the
Program for New Century Excellent Talents in University (Grant NCET-09-0770). The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: guangjiwang@hotmail.com (GW); hhp_770505@hotmail.com (HH)

Introduction

UDP-glucuronosyltransferases (UGTs) catalyze the glucuroni-

dation of many lipophilic endogenous substrates such as bilirubin

and steroid hormones, and xenobiotics including carcinogens and

clinical drugs [1,2,3]. In most cases, UGT-mediated metabolism

promotes the metabolic elimination and diminishes the biological

efficacies of the substrates, although several cases of bioactivation

have been observed [4,5]. UGTs are thus considered as an

important detoxification system. Genetic polymorphisms of UGTs

causing reduced enzyme activity have been associated with cancer

risk, such as colorectal cancer, breast cancer, lung cancer,

proximal digestive tract cancer, hepatocellular carcinoma, and

prostate cancer [6,7]. Alternatively, the enhanced enzymatic

activities of UGTs may represent an important contributor to

chemotherapeutic resistance of many drugs that are UGTs’

substrates, such as irinotecan, methotrexate, epirubicin, and

tamoxifen [8,9,10,11], implying a crucial role of UGTs in the

anti-cancer therapy. UGTs are positively expressed in various

types of tumor tissues and cells, albeit to a relatively lower level as

compared with the corresponding normal tissues [12,13,14,15].

Although UGTs have been claimed as an important cause of

chemotherapeutic resistance, little is known about the direct
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influence of UGTs regarding the intracellular accumulation in the

target cancer cells and chemotherapeutic efficacy of drugs.

Tanshinone IIA (TSA) is a diterpene phenanthrenequinone

compound isolated from the dried root of salvia miltiorrhiza

(Danshen in Chinese), which is a widely used herbal medicine with

well proven cardiovascular and cerebrovascular efficacies

[16,17,18]. In particular, accumulating evidence supports that

TSA is a promising anti-cancer agent [19,20,21,22]. Previously we

have clarified that TSA is predominantly eliminated via sequential

NAD(P)H: quinone oxidoreductase 1 (NQO1) and UGT catalyzed

metabolism [23,24]. NQO1 catalyzes a two-electron reduction of

TSA producing a highly unstable catechol metabolite that can be

swiftly glucuronidated if UGTs are present. However, when UGTs

are absent, the highly reactive catechol intermediate can undergo

a redox cycle of quinone reduction and auto-oxidation, a process

that produces excessive amounts of reactive oxygen species (ROS).

Based on this finding, we have recently validated that NQO1 is an

important intracellular target of TSA that elicits the apoptotic

death of human non-small cell lung cancer (NSCLC) cells [25].

On the basis of our recent finding that multiple UGT1A

isoforms are involved in TSA glucuronidation [24], the present

study focuses on elucidating the role of these UGTs in determining

the intracellular accumulation and apoptotic effect of TSA in

human colon cancer cells. Here we showed that TSA glucur-

onidation in UGT-positive cancer cells diminished TSA intracel-

lular accumulation, broke NOQ1-triggered redox cycle, and

consequently reduced TSA-induced ROS formation and its anti-

cancer effect.

Materials and Methods

Cell Lines and Culture
Human colon cancer cell lines HT29 and HCT116 were

obtained from the American Type Culture Collection (ATCC,

USA). Cells grew in McCoy’s 5a (Gibco, USA) medium with 10%

fetal bovine serum (Hyclone, USA), 100 U ml21 penicillin, and

100 mg ml21 streptomycin at 37uC in a humidified atmosphere

with 5% CO2. For different purpose, cells were cultured for 24–72

hours in the medium and then drugs were added. Trypsin (2.5%)

was used for cell harvest. All cells were mycoplasma free.

Chemicals and Reagents
TSA was purchased from the National Institute for the Control

of Pharmaceutical and Biological Products (Beijing, China), and

prepared into solid dispersion with PEG6000 as described [26].

Propofol, 4-methylumbelliferone (4-MU), mycophenolic acid

(MPA), N-acetyl cysteine (NAC), dicoumarol (DIC), glucose 6-

phosphate, glucose 6-phosphate dehydrogenase, b-nicotinamide

adenine dinucleotide phosphate (NADP), uridine 59-diphosphate-

glucuronic acid (UDPGA), D-saccharic acid 1,4-lactone, b-D-

glucuronidase (Escherichia coli), chlorzoxazone, 29, 79-dichloro-

fluorescein diacetate (DCFH-DA), and 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) were all obtained

from Sigma (St. Louis, MO, USA). Annexin V-FITC Apoptosis

Detection Kit was purchased from Bipec Biopharma Corporation

(USA). The real time PCR primers for detecting transcripts of

UGT1A1, UGT1A3, UGT1A6, UGT1A9, and UGT1A10 were

purchased from Invitrogen (CA, USA). Antibodies against

UGT1A (Abcam, USA), UGT1A9 (Abcam, USA), and GAPDH

(Boster Biology, China) were used in Western blot analysis. High

performance liquid chromatography (HPLC) grade acetonitrile

was obtained from Fisher Scientific (Toronto, Canada). All other

chemicals were HPLC grade or the best grade that was

commercially available.

Transient Transfection of UGT1A siRNA
Transient transfection was performed using Lipofectamine

RNAiMAX (invitrogen, USA) according to the manufacturer’s

instruction. Briefly, the Stealth RNAi siRNA (invitrogen, USA) for

UGT1A silence or a negative control was mixed with Lipofecta-

mine RNAiMAX Reagent in Opti-MEM I (Gibco, USA) at a

finial concentration of 20 nM, and the siRNA mixture was added

to an appropriate culture plate at room temperature. Exponen-

tially growing cells were subsequently seeded in the transfection

mixture-containing plate. Cells were incubated in an incubator

(5% CO2) at 37uC for 24–72 hours.

Figure 1. Multiple UGT1A isoforms are positively expressed in
HT29 but not in HCT116 cells. Cells were pretreated with UGT1A
siRNA, non-specific siRNA (negative control) or vehicle for 48 hours. (A)
mRNA levels of UGT1A isoforms in HT29 cells. UGT1A1 mRNA level of
the cells with vehicle was taken as 1; (B) protein levels and enzyme
activities of UGT1A; (C) protein levels and enzyme activities of UGT1A9.
The total UGT1A activity was determined by detecting the velocity of 4-
Mu glucuronidation, and the UGT1A9 specific activity was determined
by detecting the velocity of MPA glucuronidation. The enzyme activity
was expressed as nmol per min per mg protein. A UGT1A activity
,0.1 nmol min21 mg21 was considered nondetectable (ND). Results
are presented as mean6 SD of at least three independent experiments.
doi:10.1371/journal.pone.0079172.g001
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Quantification of mRNA Levels
Total mRNA was extracted from cells, and cDNA was

synthesized by the PrimeScrip RT reagent Kit (TaKaRa

Biotechnology, Dalian, China). Quantitative real-time PCR was

performed by SYBR Premix Ex Taq II (TaKaRa Biotechnology,

Dalian, China) following the manufacturer’s instruction. The

sequences of primers used in real-time PCR are listed on

supporting information 1 (Table S1). PCR conditions were 95uC

for 1 min, followed by 40 cycles of 95uC for 5 seconds, 60uC for 30

seconds, and 72uC for 30 seconds.

Western Blot Analysis
Cells were harvested and total protein was extracted. The

protein concentration was then determined using the BCA Protein

Assay Kit (Beyotime, China). Equal amounts of protein (50 mg)
were loaded and separated by SDS-PAGE electrophoresis.

Proteins were then transferred to a PVDF membrane (PALL,

USA). Blots were blocked with 5% skim milk in a TBST buffer

and incubated for 24 hours at 4uC with specific primary

antibodies. The membrane was washed 3 times with TBST and

then incubated with HRP-conjugated secondary antibody (Key-

Gen, Nanjing, China) for 1 hour at 37uC. The signal was

visualized by enhanced chemiluminescence (ECL, Millipore). The

protein expression levels were normalized with GAPDH.

UGT Activity Assay
UGT activity was presented by the substrate’s glucuronidation

activity with cell S9 fractions. Cells were harvested by 2.5% trypsin

and washed in ice-cold PBS, homogenized in PBS, and centrifuged

at 9,000 g for 20 min at 4uC to obtain cell S9 fractions. The

protein content of S9 fractions was determined using the BCA

Protein Assay Kit (Beyotime, China). According to previous

reports [27,28], non-specific UGT1A substrate 4-MU was used to

determine the general activity of UGT1A, and MPA, which is

glucuronidated primarily by UGT1A9 was used to determine

UGT1A9 activity. Briefly, 4-MU or MPA (0.5 mM) was incubated

in a 200 ml reaction mixture containing 0.1 mg (0.2 mg for MPA)

cell S9 fractions, 2 mM UDPGA, 1 mM saccharic acid 1,4-

lactone, 5 mM MgCl2, and 50 mM Tris-HCl buffer (pH 7.4) at

37uC for 15 min (30 min for MPA). The S9 fractions were

pretreated with alamethicin at a concentration of 25 mg mg21 on

ice for 20 min. After pre-incubation for 5 min at 37uC, the

reaction was started by adding UDPGA. Reactions were stopped

by an addition of 400 ml of ice-cold acetonitrile and samples were

centrifuged for 10 min at 20,000 g. Supernatant samples (100 ml)
were analyzed by a Shimadzu (Kyoto, Japan) LC-2010C HPLC

system equipped with a quaternary pump, autosampler, column

oven, and UV detector. The separation was performed using a

Lunar-C18 column (25064.6 mm i.d., 5 mm, Phenomenex Inc.,

China) with a guard column (Phenomenex Inc., China). For 4-Mu,

the mobile phase was acetonitrile (A) and water with 25 mM

K2HPO3 (B) at a flow rate of 1 ml min21; elution was conducted

with the following gradient: 15% A (0–2 min), linear gradient from

15% to 60% A (2–5 min), 60% to 40% A (5–8 min), and 15% A

for 8–10 min, and then for another 5 min of equilibration with a

column temperature of 40uC and UV detection at 322 nm. For

MPA, the mobile phase was acetonitrile (A) and water with 0.1%

(v/v) acetic acid (B) at a flow rate of 1 ml min21; elution was

performed with the following gradient: 45% (0–2 min), linear

gradient from 45% to 80% A (2–8 min), 80% A for another

1 min, and 45% A for 9–10min and then for another 4 min of

equilibration with a column temperature of 40uC and UV

detection at 250 nm. Accurate quantitation of the newly formed

glucuronides was achieved by calibrating with authentic standards

(Sigma, USA).

Glucuronidation Assay of TSA in S9 Fractions
The S9 fraction (0.25 mg) was incubated with indicated

concentrations of TSA in a reaction mixture consisting of 2 mM

UDPGA, 1 mM saccharic acid 1,4-lactone, 5 mM MgCl2, and an

NADPH-regenerating system containing 0.2 mM NADP, 1.9 mM

glucose 6-phosphate, 1.2 U ml21 glucose-6-phosphate dehydro-

Figure 2. TSA glucuronidation in HT29 cell S9 fractions. Enzyme
kinetics for the formation of TSA glucuronides (M1 and M2) was
examined in (A) cell S9 fractions prepared from HT29 cells pretreated
with negative control siRNA, and (B) cell S9 fractions prepared from
HT29 cells pretreated with UGT1A siRNA. (C) inhibitory effect of
propofol (0–400 mM) on TSA glucuronidation in HT29 cell S9 fractions.
Results are presented as mean6 SD of three independent experiments.
doi:10.1371/journal.pone.0079172.g002
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genase, and 50 mM Tris-HCl buffer (pH 7.4) in a final volume of

200 ml. The S9 fraction was pretreated with alamethicin at a

concentration of 25 mg mg21 on ice for 20 min to diminish the

latency of UGT activity. For enzyme kinetics assay, after pre-

incubation for 5 min at 37uC, the reaction was started by adding

UDPGA and incubated at 37uC for 60 min. For propofol

inhibition study, propofol (0–400 mM) was co-incubated with

TSA (20 mM) at 37uC for 20 min. All the reactions were

terminated by ice-cold acetonitrile, followed by centrifugation at

20,000 g for 10 min to obtain the supernatants, and then analyzed

by HPLC system the same as described above with the method

based on our previous report [24].

TSA Intracellular Accumulation and Glucuronidation in
Living Cells
Exponentially growing cells with 70% confluence were exposed

to 20 mM TSA for 0.5, 2, 6, 24 and 48 hours. Cells and culture

medium were collected separately at indicated time points. Cells

were washed for three times by ice-cold PBS. Ultrapure water

(300 ml) was added to each cell sample and freezing/thawing for

three times to break the cells. Either cell or culture medium sample

(100 ml) was added with ice-cold acetonitrile (300 ml) and mixed by

strong vortex for 5 min, followed by centrifugation at 20,000 g for

10 min to obtain the supernatant, then analyzed by the HPLC

method based on our previous report [24]. Drug concentrations

were normalized by determining the protein concentration of the

cell samples using the BCA Protein Assay Kit (Beyotime, China).

ROS Assay
Indicated concentration of TSA was administrated to cells at

70% confluence for 1 hour. Then cells were treated with DCFH-

DA for 30 min and washed by ice-cold PBS for three times.

Cellular ROS can converse non-fluorescent DCFH-DA to its

fluorescent derivative DCF. ROS formation was analyzed by

measuring the fluorescence intensity of DCF at 535 nm (with

488 nm excitation) in Synergy-H1 fluorimeter (Bio-Tek Instru-

ments).

Cytotoxicity Assay
Cells were seeded at 7,000 cells per well to a 96-well plate and

incubated overnight. The cells were subsequently exposed to the

indicated concentrations of TSA. After 48 hours (for HCT116) or

72 hours (for HT29), MTT (5 mg ml21) was added to each well,

and the plate was incubated at 37uC for another 4 hours. The

MTT solution was then removed and 150 mL of DMSO was

added per well. The absorbance at 570 nm was measured by a

microplate reader.

Apoptosis Assay
Cells were seeded by 26105/well into 6-well plate and reached

60% confluence after 72 hours culture. Then cells were exposed to

the indicated concentration of TSA for 48 hours (HCT116) or 72

hours (HT29) and harvested by 0.25% trypsin without EDTA and

washed by ice-cold PBS. Annexin V-FITC Apoptosis Detection

Kit (Bipec Biopharma Corporation, USA) was used to stain the

cells according to the manufacturer’s instruction. Samples were

analyzed by using a flow cytometer (BD FACSCalibur, USA).

Statistical Analysis
All data are presented as means 6 SD of at least three

independent experiments. Statistical differences between two

groups were evaluated using the Student’s t-test; for multiple

comparisons, one way analysis of variance followed by Dunnet test

Table 1. Best-fit enzyme kinetics parameters for the formation of TSA glucuronides (M1 and M2) in HT29 cell S9 fractions.

Km (mM) Vmax (pmol min21 mg21) CLint (ml min21 mg21)
CLint (M1+M2) (ml
min21 mg21)

M1 M2 M1 M2 M1 M2

Negative control 116.764.4 82.464.2 2059.3640.5 620.6620.4 17.660.31 7.560.15 25.260.34

UGT1A-silence 102.169.9 89.763.3 184.1612.7*** 63.461.2*** 1.860.05*** 0.760.03*** 2.560.07***

Data are shown as mean 6 SD of three independent experiments;
***p,0.001, UGT1A-silence group vs negative control group.
doi:10.1371/journal.pone.0079172.t001

Table 2. AUC0–48 h and Cmax values of TSA and its glucuronides (M1 and M2) in colon cancer cells and in the cell culture medium.

AUC0–48 h (h nmol mg21) Cmax (nmol mg21)

TSA only
TSA+100 mM
propofol

TSA+UGT1A
siRNA TSA only

TSA+100 mM
propofol

TSA+UGT1A
siRNA

In cells TSA(HT29) 1404.16104.9 2356.96153.8** 2160.66328.2** 49.865.5 75.961.2* 74.8611.6*

TSA(HCT116) 4333.86257.4*** – – 114.9613.4*** – –

M1(HT29) 52.763.2 53.162.3 48.463.9 1.660.06 1.760.09 1.560.11

M2(HT29) 92.564.6 71.064.9** 64.568.5*** 3.560.09 2.760.16** 2.360.26***

In medium M1(HT29) 2819.160.7 1237.5678.5*** 1300.56103.9** 130.2622.3 58.068.9** 68.268.4**

M2(HT29) 999.1636.6 458.668.4** 451.965.9** 36.968.4 15.260.5** 16.260.5**

Data are shown as mean 6 SD of three independent experiments;
*p,0.05 **p,0.01 ***p,0.001, propofol pretreatment (HT29) or UGT1A siRNA pretreatment (HT29) or TSA only (HCT116) group vs TSA only (HT29) group.
doi:10.1371/journal.pone.0079172.t002
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Figure 3. TSA intracellular accumulation and glucuronidation profile in colon cancer cells. HT29 cells were pretreated with UGT1A siRNA
or vehicle for 48 hours, or pretreated with propofol (100 mM) for 1 hour. Then, cells were exposed to TSA (20 mM) for 0.5, 2, 6, 24, and 48 hours and
samples of both the culture medium and cells were collected and prepared for HPLC analysis. TSA and its glucuronides (M1 and M2) were detected
with the method based on our previous report [24]. (A) intracellular TSA of HT29 or HCT116 cells; (B) intracellular M1 of HT29 cells; (C) intracellular M2
of HT29 cells; (D) M1 in HT29 cell culture medium; (E) M2 in HT29 cell culture medium. Data are shown as mean 6 SD of at least three independent
experiments.
doi:10.1371/journal.pone.0079172.g003
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was applied. The difference was considered significant at *P,0.05,

**P,0.01, or ***P,0.001.

Results

Multiple UGT1A Isoforms are Positively Expressed in
HT29 but not in HCT116 Cells
We first evaluated the expression levels of UGT1A isoforms

which were involved in TSA glucuronidation by real time PCR in

both HT29 and HCT116 cell lines. Figure 1A shows the gene

expression pattern of UGT1A isoforms in HT29 cells. In contrast,

no expression of UGT1A genes was detected in HCT116 cells

(data not shown). To further investigate the role of UGTs, specific

siRNA was used to silence UGT1A genes in HT29 cells. Three

pairs of siRNAs directed against the UGT1A sequence were

designed, and the best pair with the highest silencing effects along

with non-specific siRNA as a negative control was examined. After

siRNA transfections, mRNA levels were evaluated in HT29 cells.

The mRNA levels of UGT1A1, UGT1A3, UGT1A6, UGT1A9,

and UGT1A10 were reduced by 85.8%, 31.4%, 87.5%, 66.5%,

and 68.2%, respectively, while the negative control siRNA had

little effect (Figure 1A). Western blot assay supported a high

expression level of UGT1A in HT29 cells, whereas no detectable

UGT1A protein was observed in HCT116 cells (Figure 1B). The

protein expression of total UGT1A and specific UGT1A9 was

sharply decreased by UGT1A siRNA in HT29 cells (Figure 1B

and 1C). The results of UGT activity assay showed that HT29

cells possess high capacity towards the glucuronidation of 4-MU, a

general UGT1A substrate, and MPA, a relatively specific

UGT1A9 probe. 4-MU and MPA glucuronidation activities were

decreased with UGT1A siRNA transfection by 85.6% and 57%,

respectively (Figure 1B and 1C). Consistent with mRNA and

protein levels examination, no UGT1A specific enzymatic activity

was detected in HCT116 cells (Figure 1B).

The Inhibition of UGT1A Expression or UGT1A9 Activity
Reduces TSA Glucuronidation in HT29 Cell S9 Fractions
To gain understanding of TSA glucuronidation by colon cancer

cells, we performed the enzyme kinetic assay using S9 fractions

prepared from HT29 cells with or without UGT1A siRNA

treatment. Consistent with our previous study [24], M1 and M2, a

pair of regioisomers of TSA catechol glucuronides, were detected

from HT29 but not HCT116 cell S9 fractions. TSA glucuronida-

Figure 4. TSA Induces ROS in colon cancer cells. Cells were pretreated with UGT1A siRNA or non-specific siRNA (negative control) for 48 hours,
or pretreated with propofol (100 mM)/NAC (5 mM) for 1 hour. Then, cells were exposed to TSA (5, 20, 40 mM) for 1 hour and subsequently treated
with DCFH-DA. The fluorescence intensity was measured by a fluorimeter. (A) HCT116 cells; (B) and (C) HT29 cells. Results are presented as mean 6
SD of at least four independent experiments (*P,0.05, **P,0.01, ***P,0.001, TSA treatment vs control cells; #P,0.05, ##P,0.01, ###P,0.001,
propofol/NAC pretreatment vs TSA only, or UGT1A siRNA pretreatment vs negative control siRNA pretreatment).
doi:10.1371/journal.pone.0079172.g004
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tion displayed a typical Michaelis-Menten kinetics (Figure 2A and

2B). Kinetic parameters, including the apparent Km, maximum

velocity (Vmax), intrinsic clearance (CLint, Vmax/Km) for M1 and

M2, and sum CLint (M1+M2) are summarized in Table 1. The

silencing of UGT1A isoforms by UGT1A siRNA leaded to a about

10-fold decrease of Vmax values for the production of both M1 and

M2, while had little influence in Km values. Accordingly, the CLint

for M1 and M2 and the sum CLint (M1+M2) of the UGT1A

silence group were approximately 10-fold lower than those of the

negative control group.

The inhibitory effect of propofol on TSA glucuronidation in

HT29 cell fractions was also examined. As a UGT1A9 specific

substrate [8], propofol showed approximate 25% inhibition of

both M1 and M2 at 100 mM, and around 40% inhibition at

400 mM (Figure 2C).

UGT1A Determinates TSA Accumulation in Colon Cancer
Cells
To test whether UGT1A can influence TSA disposition in the

living cells, we performed a cellular pharmacokinetic study. The

dynamic intracellular accumulation of TSA and its metabolites

(M1 and M2) were determined. Of interest, the intracellular level

of TSA continuously increased over the course of 48 hours

following TSA treatment in HCT116 cells. However, TSA

concentration in HT29 cells peaked at 6 hours and then

dramatically decreased (Figure 3A). The area under curve from

0 to 48 hours (AUC0–48 h) and maximum concentration (Cmax) of

TSA in HCT116 were much higher than that in HT29 cells

(Table 2). Pretreatment of HT29 cells with propofol resulted in a

significant increasing intracellular accumulation of TSA. Similarly,

UGT1A siRNA transfection also increased the TSA accumulation

in HT29 cells (Figure 3A, Table 2). Both M1 and M2 were

detectable in HT29 cells at 0.5 hour after TSA treatment,

suggesting a rapid intracellular production of glucuronides. The

intracellular levels of M1 and M2 peaked at 6 h and then

decreased (Figure 3B and 3C), while the levels of TSA

glucuronides in culture medium accumulated continuously over

the course of detection (Figure 3D and 3E). The formation of M2,

but not M1, was reduced by either propofol or UGT1A siRNA

transfection in HT29 cells (Figure 3B and 3C, Table 2). Both

propofol and UGT1A siRNA significantly decreased the forma-

tion of TSA glucuronides M1 and M2 in the culture medium

(Figure 3D and 3E, Table 2).

UGT1A Diminishes TSA-induced ROS Formation
We have previously shown that TSA undergoes NQO1

metabolism to produce a highly unstable catechol intermediate

which could be either conjugated by UGTs or spontaneously

reverted back to parent TSA to form a futile redox cycle with

excessive amounts of ROS production [23]. Moreover, we found

that TSA produced a significant level of ROS in NSCLC cells, a

NQO1 positive and UGT negative cell line [25]. We thus

reasoned that, in the presence of UGT1A, the TSA-triggered

redox cycle can be switched to metabolic elimination and thereby

Figure 5. UGT1A causes the resistance of colon cancer cells to TSA-induced cytotoxicity. Cells were pretreated with UGT1A siRNA or non-
specific siRNA (negative control) for 24 hours, or pretreated with propofol (100 mM)/NAC (5 mM) for 1 hour. Then, Cells were exposed to gradient
concentrations of TSA (2.5–80 mM for HT29; 0.5–40 mM for HCT116) for indicated time and MTT assay was performed. (A) HCT116 cells; (B) and (C)
HT29 cells. Results are presented as mean 6 SD of at least four independent experiments (*P,0.05, **P,0.01, ***P,0.001).
doi:10.1371/journal.pone.0079172.g005

UGT1A Compromises TSA Anti-Cancer Effect
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reducing the production of ROS. To examine this hypothesis, the

DCF staining assay was conducted to monitor TSA-induced ROS

formation. TSA induced dose-dependent formation of ROS in

HCT116 cells (Figures 4A). However, these changes in ROS

formation were not observed in HT29 cells (Figure 4B). When

propofol was used to inhibit UGT1A9 activity in HT29 cells, the

TSA-induced ROS level was significantly increased by approxi-

mately 3.6-fold at 40 mM TSA, and this increase was reversed by

NAC (Figure 4B). In contrast, propofol did not change the TSA-

induced ROS level in HCT116 cells, but the combination of NAC

Figure 6. UGT1A compromises TSA-induced apoptosis of colon cancer cells. Cells were pretreated with UGT1A siRNA or non-specific siRNA
(negative control) for 72 hours, or pretreated with propofol (100 mM) for 1 hour. Then, cells were exposed to TSA (5, 20, 40 mM) for indicated time and
collected. Cells were stained by Annexin V-FITC/PI and examined by a flow cytometry. (A) HCT116 cells; (B) and (C) HT29 cells. Results are presented as
mean 6 SD of at least three independent experiments (*P,0.05, **P,0.01, ***P,0.001, TSA treatment vs control cells; #P,0.05, ##P,0.01,
###P,0.001, propofol pretreatment vs TSA only, or UGT1A siRNA pretreatment vs negative control siRNA pretreatment).
doi:10.1371/journal.pone.0079172.g006
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still declined TSA-induced ROS level (Figures 4A). In addition,

UGT1A siRNA transfection also significantly enhanced ROS

levels by 2.0–fold at 40 mM in HT29 cells (Figure 4C).

UGT1A Causes the Resistance of Colon Cancer Cells to
TSA-induced Cytotoxicity
Excess ROS can induce disruption of intracellular redox

homeostasis, and irreversible oxidative modifications of lipid,

protein, or DNA, subsequently promote cell apoptotic death via

both death receptor and mitochondria-mediated pathways [29].

We have recently validated that TSA-induced cytotoxicity is ROS

dependent [25]. Since the presence of UGT1A in HT29 cells

compromised the production of ROS, we propose that the

expression of UGT1A genes would increase the resistance of

cancer cells to TSA-induced cytotoxicity. To this end, MTT assay

was performed in both HT29 and HCT116 cells. The results

showed that TSA produced dramatic cytotoxicity in HCT116 cells

expressing no UGT1A with an IC50 value at 4.560.4 mM
(Figure 5A). In contrast, HT29 cells, expressing abundant UGT1A

enzymes, were found highly resistant to TSA cytotoxicity with an

IC50 value at 54.364.7 mM (Figure 5B). Pretreatment with

propofol to inhibit UGT1A9 activity significantly increased TSA

cytotoxicity in HT29 cells with an IC50 value at 29.964.5 mM
(Figure 5B), which was reversed by the combination of NAC

(IC50.80 mM). In HCT116 cells, propofol-enhanced TSA cyto-

toxicity was not observed, but NAC combination caused high TSA

resistance (Figure 5A). Together, these results suggest that the

effect of propofol in HT29 cells is from the inhibition of UGT1A9

and thereby promoting the futile redox cycle of TSA. Consistently,

UGT1A siRNA transfections also enhanced the cytotoxic effect of

TSA in HT29 cells and significantly reduced the IC50 value to

25.965.6 mM (Figure 5C).

UGT1A Compromises TSA-induced Apoptosis of Colon
Cancer Cells
To further explore the role of total UGT1A and UGT1A9 in

TSA-mediated anti-cancer activity, cell apoptotic death was

examined by the Annexin V-FITC/PI staining assay. When

HT29 cells were exposed to the indicated concentration of TSA

for 72 hours, there were few detectable apoptotic cells (Figure 6B).

However, apoptotic death was observed in HCT116 cells after 48

hours of TSA exposure in a dose-dependent manner. Apoptotic

cell death was 20.761.7%, 30.862.4%, and 48.763.0% with

TSA concentrations of 5, 20, and 40 mM, respectively (Figure 6A).

Propofol (100 mM) significantly restored the susceptibility of HT29

cells to TSA-induced apoptotic death, from the basal apoptotic

levels to an apoptotic ratio of 27.864.5%, 45.063.5%, and

53.5614.7% at 5, 20, and 40 mM TSA, respectively (Figure 6B).

Propofol-enhanced apoptosis was not observed in HCT116 cells

(Figure 6A). Similarly, UGT1A siRNA transfection increased

TSA-induced cell apoptosis in HT29 cells, characterizing with

16.261.4%, 40.364.3%, and 48.563.2% apoptotic cells at TSA

concentrations of 5, 20, and 40 mM, respectively (Figure 6C).

Figure 7. UGT1A determines intracellular accumulation and the resultant apoptotic cell death of TSA in human colon cancer cells.
doi:10.1371/journal.pone.0079172.g007
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Discussion

Many anti-cancer agents are substrates of UGTs, and for this

reason, the functional significance of UGTs in causing chemo-

therapeutic resistance has become an important concern. In spite

of previous efforts in addressing this important issue, little is known

regarding the direct effect of UGTs expressed in tumor tissues/

cells in determining the intracellular accumulation and the

resultant anticancer effect of such agents that are UGTs’

substrates. We show in the present study that the expression level

of UGT1A, and in particular UGT1A9, is an important factor in

determining the intracellular accumulation and the apoptotic

effect of TSA in human colon cancer cells.

Our previous study identified that UGT1A isoforms, including

UGT1A1, UGT1A3, UGT1A6, UGT1A10, and in particular

UGT1A9, are the dominant enzymes involved in the glucuronida-

tion of TSA following its reduction by NQO1. Although UGT2B7

may be involved in the production of M1 and contribute to the

total glucuronidation of TSA, the CLint (M1+M2) value of

UGT1A9 was much higher than that of UGT2B7 [24]. And in

HT29 cells, the basal expression of UGT2B7 is much lower than

UGT1A9 (Figure S1). Based on this finding, the silencing of

UGT1A by UGT1A siRNA and the inhibiting of UGT1A9 by

propofol were examined in TSA metabolism and toxicity in the

present study.

HT29 cells possess sufficient UGT enzyme activity to glucur-

onidate TSA in both the S9 fractions and living cells (Figure 1, 2,

3). The enzyme kinetic assay showed that cells treated with

UGT1A siRNA did not change the Km values of M1 and M2, but

Vmax and CLint values were significantly decreased (Figure 2,

Table 1), indicating that the silencing of UGT1A isoforms is

unlikely to affect the affinity of the UGT1A enzymes towards

TSA, but can dramatically decrease the UGT1A enzyme activity

due to the reduced levels of UGT1A proteins. In living cells, the

intracellular accumulation of TSA was obviously different between

HT29 and HCT116 cells. Compared with HCT116 cells, HT29

cells displayed a significant lower AUC value of TSA, suggesting

that UGT1A is an important determinant of the exposure

concentration and time of TSA in target cells. The pretreatment

of HT29 cells with either UGT1A siRNA or propofol significantly

enhanced the intracellular accumulation of TSA, characterized

with much higher Cmax and AUC values. Moreover, the levels of

both M1 and M2 were much lower in the culture medium of cells

pretreated with either UGT1A siRNA or propofol. Of interest, the

concentration of M1 and M2 in the medium kept increasing

during the experimental process, hinting to a role of UGTs in

promoting the metabolic elimination of TSA from the target cells

to the circulating system (Figure 3, Table 2).

Our recent finding has indicated that NQO1 is the main

intracellular anti-cancer target of TSA in UGT deficient NSCLC

cells [25]. In line with this finding, MTT assays indicated that

either NQO1 siRNA or NQO1 inhibitor dicoumarol (DIC, 5 mM)

could also reduce the TSA cytotoxicity in colon cancer HT29 and

HCT116 cells (Figure S2). NQO1 triggers a TSA-induced redox

cycle that is considered the dominant mechanism by which TSA

induces apoptotic NSCLC cell death. Because glucuronidation

may break such a redox cycle by diverting to the production of

stable TSA glucuronides, we thus examined the potential influence

of UGT1A in TSA-induced ROS production in human colon

cancer cells. In accord with our previous finding in NSCLC cells,

TSA induced a concentration dependent production of ROS in

HCT116 cells, while DIC pretreatment could dramatically reduce

the ROS production in HCT116 cells (Figure S3). However, no

significant production of ROS was observed in HT29 cells

(Figure 4B). Of interest, the pretreatment of HT29 cells with either

UGT1A siRNA or propofol significantly recovered the ability of

colon cancer cells in producing ROS upon TSA treatment, and

this recovery was compromised by NAC, which is a ROS

scavenger (Figure 4B and 4C). These results strongly indicate that

UGT1A protein expression in HT29 cells efficiently break the

NQO1-triggered redox cycle and divert TSA metabolism from the

redox cycle to the metabolic elimination. Moreover, the presence

of glucuronidation strongly decreased the intracellular accumula-

tion of TSA in HT29 cells (Figure 3, Table 2). Thus, it is

reasonable to predict that HT29 cells may be less sensitive to TSA-

induced cytotoxicity than HCT116 cells. As expected, the

sensitivity of HCT116 cells to TSA-induced cytotoxicity was

approximately10-fold higher than that of HT29 cells (Figure 5A

and 5B), although the expression and activity of NQO1 were

higher in HT29 than those in HCT116 cells (Figure S4). Either

UGT1A siRNA or propofol pretreatment could significantly

sensitize HT29 cells to TSA-induced cytotoxicity (Figure 5B and

5C). NAC could reverse propofol-enhanced TSA cytotoxicity,

verifying the important role of ROS in the cell death process

triggered by TSA (Figure 5B and 5C). The apoptotic assay further

supports a role for glucuronidation in determining the sensitivity of

human colon tumor cells to the anti-cancer efficacy of TSA

(Figure 6). Of note, the percentage of apoptotic cell death in the

flow cytometry apoptosis analysis was much lower than that of the

total cell death observed in MTT assay. This discrepancy suggests

that the possibility that other types of cell death, such as necrosis,

may be responsible for TSA induced cytotoxicity, although

different cell density in the two experiments may be an important

cause for this discrepancy.

In conclusion, we have validated that the expression and activity

of UGT1A are important determinants towards the intracellular

accumulation and the resultant apoptotic effect of TSA in colon

cancer cells. Lack of glucuronidation renders a continuous redox

cycle of TSA reduction and auto-oxidization that produces

dramatic intracellular production of ROS and finally leads to

apoptotic cell death. In contrast, the presence of high levels of

UGT1A activity, in particular UGT1A9 activity, may break this

cycle and promote the metabolic elimination of TSA in cancer

cells. The present study together with our previous findings

suggests that the cytotoxicity of TSA depends on the balance of

expression and activity of NQO1 and UGT1A (Figure 7). In

addition, it is interesting to note that in tumor tissues the

expression of NQO1 is much higher [30,31,32,33] while UGTs

are lower [12,13,14] than that in surrounding normal tissues. This

property confers a high tumor-selectivity and low normal tissue

toxicity on TSA and other similar agents such as b-lapachone
[3,34], which target NQO1 against tumor tissues while sparing

normal tissues.

Supporting Information

Figure S1 UGT1A9 and UGT2B7 mRNA levels in HT29
cells. mRNA levels were determined by RT-real time PCR.

UGT2B7 mRNA level of HT29 cells were taken as 1.

(TIF)

Figure S2 NQO1 affects TSA-induced cytotoxicity in
HT29 and HCT116 cells. Cells were seeded by 5000/well in

96-well plate with NQO1 siRNA or non-specific siRNA (negative

control) and cultured for 24 hours. Or cells were seeded by the

same density, cultured for 24 hours, and pretreated with

dicoumarol (DIC, Sigma, USA) for 2 hour. Then, Gradient

concentrations of TSA (2.5–80 mM for HT29; 0.5–40 mM for

HCT116) were added to cell culture medium and incubated for
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the indicated time and subsequently MTT assay was performed.

(A) and (B) HCT116 cells; (C) and (D) HT29 cells. Results are

presented as mean 6 SD of at least four independent experiments

(*P,0.05, **P,0.01, ***P,0.001).

(TIF)

Figure S3 DIC inhibits TSA-induced ROS formation in
HCT116 cells. Cells were pretreated with DIC (5 mM) for 2

hours. Then, cells were exposed to TSA (5, 20, 40 mM) for 1 h and

subsequently treated by DCFH-DA. The fluorescence intensity

was detected by a fluorimeter. Results are presented as mean 6

SD of at least three independent experiments (*P,0.05,

**P,0.01, ***P,0.001, TSA treatment vs control cells;
#P,0.05, ##P,0.01, ###P,0.001, DIC pretreatment vs TSA

only).

(TIF)

Figure S4 NQO1 protein levels and enzyme activities
were determined in HT29 and HCT116 cells. NQO1

siRNA was used for NQO1-silence in both HT29 and HCT116

cells. Non-special siRNA was added as negative control. Specific

NQO1 enzyme activity was determined as the rate of DIC-

inhibitable 2, 6-Dichlorophenolindophenol (DCPIP, Sigma, USA)

reduction in cell S9 fractions. The reaction was started by the

addition of DCPIP, and the reduction of DCPIP was measured at

room temperature at 600 nm by a microplate reader. The DIC-

inhibitable part of DCPIP reduction was used to calculate NQO1

activity expressed as nmol DCPIP per minute per mg protein.

Results are presented as mean 6 SD of at least three independent

experiments.

(TIF)

Table S1 Sequences of the primers used in the study.
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