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Abstract

In vitro genotoxicity testing plays an important role in chemical risk assessment. The human
B-lymphoblastoid cell line TK6 is widely used as a standard cell line for regulatory safety
evaluations. Like many other mammalian cell lines, TK6 cells have limited metabolic capacity;
therefore, usually require a source of exogenous metabolic activation for use in genotoxicity
testing. Previously, we developed a set of TK6-derived cell lines that individually express one of
fourteen cytochrome P450s (CYPs). In the present study, we surveyed a panel of major Phase 11
drug-metabolizing enzymes to characterize their baseline expression in TK6 cells. These results
may serve as a reference enzymatic profile of this commonly used cell line.
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Introduction

In vitro genotoxicity testing has been successfully used to predict genotoxicity and plays
an important role in chemical risk assessment. The human B-lymphoblastoid TK6 cell line
was established in 1978 from the parental WI-L2 cells, which are diploid lymphoblast
cells derived from a 5-year-old male with hereditary spherocytosis. The relevance of TK6
cells to genetic toxicology stems from their heterozygosity at the thymidine kinase ( 7K)
locus on human chromosome 17 and the presence of the hypoxanthine phosphoribosyl
transferase (HPRT) gene on the X chromosome. Due to these specific features, the TK6
cell line was originally used in the 7K mutation assay to detect point mutations, deletions,
and recombination, and is also well suited for the HPRT gene mutation assay. Both 7K
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and HPRT gene mutation assays have been recommended by international authorities such
as the Organization for Economic Co-operation and Development (OECD) and described
in the OECD testing guidelines (TG) 476 and 490.1:2 Currently, the human TK6 cell

line is widely used as a standard cell line for regulatory safety assessments to conduct

TK and HPRT gene mutation assays, chromosome aberration tests (e.g., OECD TG473),
micronucleus assays (e.g., OECD TG487), and comet assays.? In fact, a recent international
survey indicated that the human TK6 cells and mouse lymphoma L5178Y cells are the
most used cell lines for in vitro genotoxicity testing.# In addition, TK6 cells not only
demonstrate negligible genetic variability to the human reference genome, but also harbor
a homozygous wild type p53 gene, making them more physiologically relevant than other
cell models used in genotoxicity testing.> TK6 cells have the potential for high-throughput
genotoxicity screening since they readily expand in standard RPMI 1640 cell culture media
in suspension.®

However, one drawback of TK6 cells is the lack of metabolic competency, notably low
levels of Phase | drug-metabolizing enzymes (CYPs), which can impact the results of
genotoxicity testing, particularly for detection of drugs/chemicals that must go through
biotransformation to a DNA reactive metabolite.”:8 To overcome the deficiencies of low
biotransformation capacity, we developed a panel of TK6-derived cell lines that individually
express one of each of fourteen human CYPs (CYP1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C18,
2C9, 2C19, 2D6, 2E1, 3A4, 3A5, and 3A7) and demonstrated that this cell system is

able to identify DNA damage and micronucleus formation induced by the bioactivation

of prototypical genotoxicants and pyrrolizidine alkaloids, without addition of rat liver S9
fraction.”9

On the other hand, the important role of Phase 11 enzymes in metabolism cannot be
overlooked. For example, it is well-documented that sulfotransferases (SULT) and N-
acetyltransferase (NAT) are required for the bioactivation of heterocyclic amines.10 In our
recent study, we surprisingly found that TK6 cells can biotransform luteolin, a flavonoid,

to a less toxic metabolite, diosmetin, in a time-dependent manner without addition of

any exogenous enzyme systems.1! This O-methylation reaction is likely catalyzed by a
Phase Il enzyme — catechol O-methyltransferase, suggesting that TK6 cells may not be
completely “incompetent” in exogenous drug/chemical metabolism. However, no study has
systematically investigated the Phase Il enzymatic profile of TK6 cells. Therefore, to fill this
knowledge gap, the current short communication surveyed the gene and protein expression
profiles of a panel of major Phase Il drug-metabolizing enzymes in TK6 cells. Primary
human hepatocytes (PHHSs), which are considered the in vitro gold-standard for liver drug
metabolism enzyme expression and activity,12 and the human hepatoma-derived cell line
HepG2, which lacks drug-metabolizing activities,13 were included for comparison to the
TKG6 cell line. This study characterized the baseline expression of Phase Il drug metabolizing
enzymes in TK6 cells and can serve as a reference for the Phase Il enzyme expression
profile of this commonly used cell line.
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Materials and methods

Cell culture

The human lymphoblastoid TK6 cells were purchased from ATCC (Manassas, VA) and
cultured in RPMI 1640 medium supplemented with 0.5% L-glutamine (Gibco, Gaithersburg,
MD), 10% fetal bovine serum (FBS), 100 U/mL penicillin (Gibco), and 100 pg/mL
streptomycin (Gibco). Cells were routinely maintained at a density of 2 x 105 to 1.5 x

10 cells/mL.

The HepG2 cell line was purchased from ATCC (Manassas, VA) and were cultured in
Williams® Medium E complete media (Sigma-Aldrich, St. Louis, MO) containing 10%
FBS and antibiotics (100 units/mL penicillin, 100 ug/mL streptomycin, and 0.25 pg/mL
amphotericin B). Unless otherwise specified, cells were maintained below 80% confluency
and passaged as needed.

Cryopreserved PHHs pooled from 10 donors were purchased from In Vitro ADMET
Laboratories (Columbia, MD). Cell culture dishes were pre-coated with PureColV®
(Advanced BioMatrix, Carlsbad, CA) for PHHSs. Cells were thawed and maintained in
Universal Primary Cell Plating Medium (UPCM™) provided by the supplier. Cells were
seeded in 60 mm-tissue culture dishes as previously described before RNA or protein
isolation.14

Real-time PCR array

RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA). The quantity

and purity of RNA were measured with a NanoDrop 8000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE). cDNA was synthesized from 2 ug RNA using the
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions. The Drug Metabolism Phase 11 Enzymes RT?
Profiler PCR Array (Qiagen, Valencia, CA) was used to determine mRNA levels. The
gPCR reactions were performed in a 25-uL volume using SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, CA) on a ViiA 7 Real-Time PCR System
(Applied Biosystems). The geometric mean of a panel of five reference genes (ACTB, B2M,
GAPDH, HPRT1, and RPLPO) were used for normalization. The Ct values for all tested
genes are shown in Supplementary Table 1 and a gene was considered non-detectable when
a Ct value > 35. Expression value implied the relative mMRNA expression abundance of a
gene, arbitrarily assuming the averaged expression level of the five reference genes being
10,000 copies. The Expression value of each gene was defined using the equation: E =

2—(Ct of test gene—averaged Ct of reference genes) x 10,000. The data were expressed as the mean
and standard deviation (SD) values of three independent samples for each cell type. To
examine whether the gene expression levels are significantly different from each cell line,
two-way ANOVA followed by Dunnett’s multiple comparison test was performed using
GraphPad Prism version 6.07 (GraphPad Software, La Jolla, CA).
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Western blot

Two to five million cells were used for protein extraction. Whole-cell lysates were prepared
using RIPA buffer containing Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific).
For the detection of Uridine 5’-diphospho-glucuronosyltransferase (UGTSs) in TK6 and
HepG2 cells, microsomes were isolated following the method described previously.1®
Briefly, 5 x 107 cells were homogenized in lysis buffer by TissueLyser Il (Qiagen). After
centrifuging at 10,000 x gto remove cell debris, the supernatant was further centrifuged

at 100,000 x g for 45 min to separate microsome. The protein concentrations of the whole
cell lysate or microsome samples were determined using a Pierce BCA Protein Assay kit
(Thermo Fisher Scientific). Standard Western blots protocols, SDS-PAGE, transfer, and
antibody staining were performed.18 Primary antibodies were selected against COMT1
(ab129504, Abcam, Cambridge, MA), GSTP1 (3369S, Cell Signaling Technology, Danvers,
MA), MGST1 (MA5-34942, Thermo Fisher Scientific), NQO1 (62262S, Cell Signaling
Technology), SULT1AL1 (ab155012, Abcam), UGT1AL (ab170858), UGT2B7 (ab126269),
and GAPDH (51748, Cell Signaling Technology) and diluted in blocking reagents at 1:1000.
GAPDH was used as the internal control. The protein signals were visualized with a
FluorChem E System and quantified with AlphaView software (ProteinSimple, San Jose,
CA).

Results and discussion

The gene expression of 84 Phase Il drug-metabolizing enzymes in TK6 cells, HepG2

cells, and PHHs were profiled, and the summarized results are shown in Table 1 and
Supplementary Table 2. The relative mMRNA expression value of each gene was calculated by
assuming the averaged expression level of the five reference genes (ACT7B, B2M, GAPDH,
HPRT1, and RPLPO) as being 10,000 copies. Representative data for Western blot analysis
of several key Phase Il drug-metabolizing enzymes expression in TK6 cells, HepG2 cells,
and PHHs is shown in Figure 1.

Sulfotransferases (SULTS)

SULTSs are major Phase Il enzymes that catalyze the sulfate conjugation of many drugs and
xenobiotics. Generally, sulfonation is recognized as a detoxification process. For instance,
SULT1AL1 is involved in the detoxification of genotoxicants such as acrolein.1” However, it
is well-documented that some SULT isoforms, particularly SULT1AL and 1A2, play critical
roles in bioactivating hydroxymethyl polyaromatic hydrocarbons, heteroaromatic amines,
and 2-acetylaminofluorene, leading to the formation of DNA-damaging sulfuric acid esters
that can cause mutagenicity or carcinogenicity.1819 As shown in Table 1, TK®6 cells have
negligible expression of all 11 SULTSs investigated. HepG2 cells and PHHSs, on the other
hand, had appreciable basal expression levels of SULT1A1, 1A2, and 2ZA1. Western blot
assay also demonstrated that no SULT1A1 protein was found in TK6 cells, while the
presence of SULT1AL protein in HepG2 cells was confirmed (Figure 1A). As expected,
PHHSs express high level of SULT1AL protein. These results suggest uninduced TK6 cells
are devoid of SULTSs.
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Uridine 5’-diphospho-glucuronosyltransferase (UGTS)

Glucuronidation catalyzed by UGTs is another major Phase Il drug metabolic reaction.
UGTs are mainly involved in the detoxification of genotoxicants by conjugating

potential DNA reactive intermediates. For example, multiple studies have shown that
impaired expression of UGTSs, particularly UGT1A isoforms, increased the genotoxicity

of benzo(a)pyrene.20-21 The proposed mechanism is that the formation of glucuronide
conjugate of benzo(a)pyrene-diol reduces the production of benzo(a)pyrene diol epoxide,
the ultimate mutagenic carcinogen that covalently binds to DNA and forms DNA adducts.
UGT1A9 also seemed to reduce the mutagenicity of A-hydroxy-2-acetylaminofluorene

in the Ames test, although the exact mechanism remains unknown.22 In contrast, one

study showed that UGTSs bioactivated several carboxylic acid compounds, forming acyl
glucuronides that cause DNA damage (measured with the comet assay) in mouse
hepatocytes.23 Therefore, whether UGTs reduce or increase the genotoxicity of a compound
depends on the structure of chemicals. In the current study, we found TK®6 cells had
negligible gene expression levels of selected UGT1A isoenzymes (Table 1). UGT2B17

is expressed in TK6 cells whose function is associated with the metabolism of steroid
hormones, bilirubin, and some flavonoids.2* Recently, a study suggested that UGT2B17 is
the main lymphoid glucuronosyltransferase in human lymphoid cells and its expression may
lead to the resistance to anti-cancer drugs in leukemic cells.2® In liver cells, as expected,
PHHSs had high expression levels of major hepatic UGTs including UGT1A1, 1A4, 1A9,
2B4, 2B7, 2B10, 2B17, and 2B28 (Table 1). Western blotting also showed abundant protein
expression of UGT1A1 and 2B7 in PHHSs (Figure 1A). As is well documented in the
literature, HepG2 cells had a distinct UGT expression profile when compared to PHHSs.
More specifically, the mRNA levels of UGT1A1, 1A4, 1A9, 2B4, and 2B17were much
lower in HepG2 cells, confirming that without genetic modification this cell line may not be
a suitable model for metabolism studies.® Previous studies showed that HepG2 may have
detectable level of UGT1AL1 in microsomes.1® Therefore, we performed Western blot using
microsomal fractions from TK6 and HepG2 cells. The results showed that UGT1A1 was not
expressed in TK6 cells and lowly expressed in HepG2 cells (Figure 1B).

Glutathione S-transferases (GSTSs)

Several classes of GSTs including alpha (GSTA), kappa (GSTK), mu (GSTM), omega
(GSTO), pi (GSTP), and theta (GSTT), as well as membrane-bound microsomal GSTs
(MGST) levels were investigated in TK6 cells. We found that TK6 cells had low or
negligible gene expression of GSTA, GSTM, and GSTT. Interestingly, TK6 cells had a
very high mRNA level of GSTP1, and the expression level was significantly higher than
that of HepG2 cells or PHHs (Table 1). Western blot analysis also showed high protein
expression of GSTP1 in TKG6 cells, whereas no GSTP1 protein was detected in HepG2 cells
and PHHs (Figure 1A). Consistent with our results, a previous study showed that human
lymphoid lines (e.g., T-lymphoblast cell lines) had relatively higher GSTPI gene expression
and enzymatic activity levels.28 This finding may have an important implication in
genotoxicity testing using TK6 cells. A role for GSTP has long been suggested in chemical
carcinogenesis. GSTP catalyzes the detoxification of electrophilic diol epoxides produced
by the bioactivation of polyaromatic hydrocarbons (PAHSs) such as benzo(a)pyrene.2” Upon
benzo(a)pyrene exposure, Gsip knockout mice had more than 8-fold increased numbers of
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lung adenomas when compared to wild-type mice. Considering that TK6 cells exhibit a high
basal level of GSTP expression, they may be less sensitive to the genotoxicity of PAHs
when compared to other cells with low GSTP expression. In addition, MGST1 is also highly
expressed in TK6 cells. Western blot confirmed the expression of MGST1 protein in both
TK6 and HepG2 cells, although the levels were lower compared to PHHSs (Figure 1A).
MGST1 is mainly localized to the endoplasmic reticulum and in the outer membrane of
mitochondria; and is considered an antioxidant enzyme. Studies have shown that MGST1
decreased the toxicity of DNA alkylating cytostatic agents, such as cisplatin and melphalan,
as well as silica nanoparticles, by reducing intracellular oxidative stress.28:29 TK6 cells also
expressed detectable levels of GSTOI and GSTKZ; however, the role of these two GST
enzymes in genotoxicity remains unclear.

Catechol-O-methyltransferase (COMT)

In a previous study, we demonstrated that TK6 cells without any exogenous enzyme

system were able to methylate luteolin into diosmetin. Diosmetin showed lower genotoxicity
and cytotoxicity compared to its parental form luteolin.1 After a 24-h exposure, more

than 90% of luteolin in the medium was converted to diosmetin measured by liquid
chromatography with tandem mass spectrometry (LC-MS/MS). This observation made us
question whether some traditionally recognized “metabolically incompetent” cell lines may
possess exogenous drug/chemical metabolizing enzymes. As shown in Table 1 and Figure
1A, TKG6 cells had a basal level expression of COMT at both the mRNA and protein levels,
further confirming our postulation in the previous study that COMT present in TK6 cells
accounted for the biotransformation of luteolin. HepG2 cells and PHHSs also showed high
expression of COMT in both mRNA and protein levels, which is consistent with previous
findings.13:30 The implication of COMT in genotoxicity assessment is mainly associated
with its G-methylation reaction in flavonoids. As seen in the case of quercetin, one of the
most well-studied flavonoids, COMT is likely to explain the in vitro and in vivo discrepancy
in its carcinogenic effects. Quercetin is highly mutagenic in vitro, but not in animals. COMT
was proposed to rapidly methylate quercetin and provides sufficient inactivation in vivo.3!
Since such a detoxification process is missing or less efficient in the Ames test, quercetin
constantly produces positive results with or without the rat liver S9 fraction. Mammalian
cell models such as TK6 cells and HepG2 cells constitutively express COMT, and thus may
serve as complementary in vitro tools to the Ames test for studying the genotoxicity of
flavonoids.

NAD(P)H quinone dehydrogenases (NQOs)

The NQO gene family consists of two members, NQO1 and NQO2. Both of them
encode cytosolic flavoenzymes that catalyze the reduction of quinone to hydroquinone,
which is considered an antioxidation and detoxification process.32 For example, NQO1
deficiency leads to increased genotoxicity (as measured by the micronucleus assay) of
benzene in mice.33 However, such a reduction is not always protective in cells. It is well
documented that NQO1 catalyzes the bioreductive activation of mitomycin C, generating
leucomitomycin C that causes DNA interstrand crosslinking.34 We found the mRNA of
NQO1 was highly expressed in TK6 cells — the expression value ranked the 3™ highest
among the 84 Phase Il enzymes investigated (Table 1). NQO1 protein was also identified
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in TK®6 cells, although the band intensity was weak due to an extremely high level of
NQOL1 expressed in HepG2 cells (Figure 1A). Notably, the gene expression level of NQO1
in HepG2 cells was significantly higher than that in TK6 cells and PHHSs, respectively
(Table 1). PHHSs had no detectable protein level of NQO1, and the trend was consistent
with the gene expression level (Figure 1A). Since many genotoxicants, especially dietary
supplements, exert their DNA-damaging effects via oxidative stress, HepG2 cells may be
less sensitive in detecting the genotoxicity of these agents due to a relatively high level of
NQOL1.

Spermidine/spermine N1-acetyltransferase 1 (SAT1)

SAT1 is the rate-limiting enzyme for polyamine catabolism. The level of polyamines often
increases in tumor cells, stimulating their growth and proliferation. Recent studies have
demonstrated that a reduced level of polyamines may increase the susceptibility of cells in
response to many double-strand break (DSB)-inducing agents, including ionizing radiation,
ultraviolet, and etoposide.3> The underlying mechanism has been associated with the role of
polyamine in stimulating homologous recombination mediated DSB repair by enhancing the
DNA strand exchange activity of RAD51. SAT1 governs the transportation of polyamines

in cells. The over-expression of SAT1 leads to excessive export of polyamines, which may
further impair homologous recombination and sensitize cells to genotoxic stresses. Although
TKG6 cells expressed SATZ mRNA, the level was significantly lower than that in HepG2 cells
or PHHSs (Table 1). The impact of this difference on sensitivity of cells to various DNA
DSB-inducing agents warrants further investigation.

Other phase Il enzymes

When arbitrarily using an expression value >100 as the cutoff (over 1% of the reference
genes), another seven genes, including ACSL1, ACSL3, and ACSL4, DDOST, GAMT,
MGAT1, and UGCG were considered to have detectable expression in TK6 cells with
appreciable levels. These genes mainly encode proteins involved in the Phase Il metabolism
of carbohydrates and fatty acids. Their association with genotoxicity remains to be
elucidated.

Conclusion

Although TKG6 cells are largely devoid of major Phase | drug-metabolizing enzymes and
Phase Il SULTs and UGTs, they express several key genotoxicity-relevant Phase 11 enzymes,
such as COMT, GSTP1, MGST1, and NQOL. Since the TK6 cell line has served as, and

will continue to serve as, one of the most important cell models for genotoxicity screening,
the current study provides a reference for the TK6 Phase Il enzyme expression profile.
These results provide a better understanding of this cell line and assist with the interpretation
of genotoxicity testing results. Considering some Phase Il enzyme activities in TK6 cells

are restricted, it is necessary to be careful when evaluating the compounds that require
biotransformation to DNA reactive metabolites. Based on the goal of future studies, the
measurement of selected Phase Il enzyme activities in TK6 cells and comparison of these
activities with those in human peripheral lymphocytes or primary human hepatocytes are
warranted.
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The protein levels of several key Phase Il drug-metabolizing enzymes in TK6 cells, HepG2
cells, and PHHs. Representative Western blot images are shown from one experiment and
similar results were obtained from three independent experiments. A total of 20-ig protein

samples from whole-cell lysates (A) or microsomes (B) were loaded for each lane.
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