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Abstract

A recent study identified a haplotype on a small region of chromosome 12, between markers

D12S1725 and D12S1596, shared by all patients with familial neuroblastoma (NB). We

previously localized the human MGST1 gene, whose gene product protects against oxidative

stress, to this very same chromosomal region (12p112.1–12p13.33). Due to the chromosomal

location of MGST1, its roles in tumorigenesis, drug resistance and oxidative stress, and the known

sensitivity of NB cell lines to oxidative stress, we considered a role for MGST1 in NB

development. Surprisingly there was no detectable MGST1 mRNA or protein in either NB cell

lines or NB primary tumor tissue, although all other human tissues, cell lines, and primary tumor

tissue examined to date express MGST1 at high levels. The mechanism behind the failure of NB

cells and tissue to express MGST1 mRNA is unknown, and involves failure of MGST1 pre-

mRNA expression, but does not involve chromosomal rearrangement or nucleotide variation in the

promoter, exons, or 3′-untranslated region of MGST1. MGST1 provides significant protection

against oxidative stress and constitutes 4 to 6% of all protein in the outer membrane of the

mitochondria. As NB cells are extremely sensitive to oxidative stress, and often used as a model

system to investigate mitochondrial response to endogenous and exogenous stress, these findings

may be due to the lack of expression MGST1 protein in NB. The significance of this finding to the

development of neuroblastoma (familial or otherwise), however, is unknown and may even be

incidental. While our studies provide a molecular basis for previous work on the sensitivity of NB

cells to oxidative stress, and possibly marked variations in NB mitochondrial homeostasis, it also
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implies that the results of these earlier studies using NB cells are not transferable to other tumor

and cell types which express MGST1 at high concentrations.

Keywords

MAPEG; microsomal glutathione transferase; MGST1; MGST2; MGST3; Neuroblastoma;
Oxidative stress

Introduction

Neuroblastoma (NB) is the most frequent extracranial solid tumor of childhood and

originates from the neural crest cells committed to the adrenal medulla and the sympathetic

nervous system. Approximately half of all NB patients are diagnosed with high-risk disease

that is characterized by low overall survival rates despite intensive multimodal

chemotherapeutic treatment [1]. Molecular studies have identified various somatic

alterations that are associated with aggressive disease including amplification of MYCN

proto-oncogene [2] or deletions of chromosome 1p and gain of 17q [3]. The subset of NB

patients with amplification of the MYCN oncogene, found in approximately 20% of

metastasized tumors, have a very poor survival due to defects on pathways that engage or

execute apoptosis [4].

Most cases of NB are sporadic and present as either localized or disseminated disease.

Familial forms are rare and pedigree structures suggest a dominant mode of inheritance with

low penetrance. Linkage studies have yielded various results for different families [5, 6]. A

genome-wide linkage analysis was recently performed on a highly informative family

including 5 patients affected with NB at different stages of the disease. Two haplotypes co-

segregating with the disease, chromosome regions 2p and 12p, were identified with high

lod-score values [7]. The haplotype on chromosome 12 and shared by all patients was at

12p112.1–12p13.33 and between markers D12S1725 and D12S1596.

The microsomal glutathione transferase-1 (MGST1) gene is a member of the Membrane-

Associated Proteins in Eicosanoid and Glutathione (MAPEG) metabolism family of

transmembrane proteins [8]. The MAPEG family is an ancient and diverse family thought to

originate prior to the emergence of the cytosolic family of glutathione transferases [9, 10].

The MGST1 protein is ubiquitous in human tissue and cell lines, and is localized to the

endoplasmic reticulum and outer mitochondrial membrane where it is thought to protect

these membranes from oxidative stress [11]. MGST2 and MGST3, however are not involved

in protection against oxidative stress but are involved in leukotriene production, notably the

conjugation of LTA4 with glutathione. MAPEG members have also been identified in

plants, fungi, and bacteria [12, 13]. The human MGST1 gene displays alternative splicing

but all four transcript variants encode the same protein isoform [14]. MGST1 is upregulated

in tumor cells and plays a role in development of anti-cancer drug resistance [15]. We

previously localized the human MGST1 gene to chromosome 12 [14] in a region with the

highest lod-score shared by patients with a familial form of NB [7]. Due to the chromosomal

location of MGST1, its roles in tumorigenesis, drug resistance and oxidative stress, coupled

with the sensitivity of NB cell lines to oxidative stress, we examined the expression of
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MGST1 in NB. Despite the ubiquitous nature of MGST1 in human tissue and other cell

lines, neither NB cell lines nor NB primary tumor tissue, displayed MGST1 mRNA. These

results may explain the sensitivity of NB cell lines, including reports of disruption of

mitochondrial potential, to oxidative stress and suggest unique therapeutic opportunities of

intervention may exist taking advantage of the fact that the MGST1 pathway is uniquely

devoid in NB.

Materials and Methods

Cell lines

The NB5 and NB7 human neuroblastoma cell lines were obtained from Dr. Dwayne Stupack

(Department of Pathology, UCSD). The SK-N-AS, SK-N-SH and IMR-32 human

neuroblastoma cell lines, as well as all other cell lines, were obtained from the ATCC. All

Neuroblastoma cell lines were maintained in RPMI-1640 (Mediatech, Herndon, VA)

medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) plus 2 mM

glutamine in an humidified 5% CO2 incubator at 37°C. The positive control cell line HepG2

obtained from ATCC was maintained in MEM (Mediatech, Herndon, VA) medium

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) plus 2 mM glutamine

under the same conditions.

Primary Neuroblastoma Tissue Accrual and RNA preparation

Primary neuroblastoma samples were obtained from the Children’s Oncology Group (COG)

Tumor Bank or the Cooperative Human Tissue Network (CHTN). Sample are fully encoded

to protect patient confidentiality and are utilized under a UCSD approved IRB protocol (IRB

#081062). RNA and protein were extracted from the primary tumors that were crushed over

dry ice, lysed in Trizol® (Invitrogen, Carlsbad, CA) and extracted according to

manufacturers’ instructions. All work described in this article was carried out in accordance

with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for

experiments involving humans.

Northern blots

Total RNA was extracted from cells by Trizol LS method (Invitrogen #10296-010) followed

by poly A RNA purification with Oligotex mRNA Kit (Qiagen # 70022). Total samples

were quantified by spectrophotometry and recovered. The mRNA was loaded onto Nytran

SPC Nylon Transfer Membrane (Whatman # 10416285) with BRL Hybri-Slot Manifold

apparatus followed by UV cross linking for 3 minutes in Stratalinker (Stratagene). Probes

were either generated using PCR amplification or from restriction enzyme digests followed

by electrophoresis through GenePure Gold agarose gel (ISC BioExpress # E-3142-125), and

purified from the gel by the Qiaquick process (Qiagen). Probes were labeled by Prime-It

RmT Random Primer Labeling Kit (Stratagene # 300392) with α32 Phosphorus-labeled

dCTP (Perkin Elmer Life Sciences # BLU513Z), hybridized to the desired blot at 65°C

overnight in Express Hybridization Buffer (Clontech # 636832) which was supplemented

with salmon sperm DNA (Ambion # 9680), followed by washes with hybridization buffer,

and imaging on STORM 860 phosphoimager (Molecular Dynamics).
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Southern blots

Genomic DNA was extracted from cells by the Promega Wizard Genomic DNA purification

method (Promega Lysis Solution #A7943, Protein Precipitation Solution #A7953, and

RNase Solution #A7973) and DNA content quantified by spectrophotometry. Genomic

DNA (15 – 30 ug) was incubated with an excess of the desired restriction enzymes overnight

at 37°C, electrophoresed on a 0.8% GenePure Gold agarose gel (ISC BioExpress #

E-31420-125) at 34 volts for 24 hours, then transferred to nylon membrane (Whatman

#10416285) by an alkaline transfer method. Probes were radiolabeled as described in the

previous section.

Probe descriptions

The exon probes for MGST1 used in Southern Blot analysis corresponded to the previously

published report describing the structure of the human MGST1 gene [14]. The MGST1

probe used for the Northern Blot analysis corresponded to the primary full length transcript

previously described [14]. The human MGST2 cDNA was 724 bp and derived from human

lung tissue (ATCC clone #6141729). The human MGST3 cDNA was 751 bp and derived

from human renal tissue (ATCC clone #6189933). The ubiquitin probe was 2.1 kb (Sigma

clone #U5007).

Pre-mRNA assay

Total RNA was extracted by Trizol method (Invitrogen), DNase treated with DNase Set Kit

(Qiagen), then cleaned-up using RNeasy Kit method (Qiagen). Cellular total RNA was

quantified by spectrophotometry. Reverse Transcription was performed using Accuscript

High Fidelity 1st Strand Synthesis Kit (Stratagene by Agilent) with upper primer

tgagaatgggttgtgtcaagaatatggatataa and lower primer gggcagggagtaagggtggaaggtcggaaagaa

using the following conditions: total RNA (198 ng) and primers were heated to 70° C for 30

minutes in cycler and immediately cooled on ice, short spin, then added 1st strand buffer,

dNTPs, DTT, and Accuscript. Incubation was at 42° C for 60 min in cycler, followed by 15

min at 70° C, then immediately cooled on ice. Next PCR was performed using the same

primers with 2ul of each RT reaction as a template in nuclease free water, 10X Advantage 2

PCR Buffer (Clontech), dNTPs (Clontech), with Advantage 2 Polymerase (Clontech) in a

9700 Gene Amp PCR System (PE Applied Biosystems) with the following conditions: 94°

C for 3 minutes (one cycle), 94° C for 45 sec, 56° C for 45 sec, and 72° C for 2 minutes (35

cycles), 72 °C for 10 minutes (one cycle), and then maintaining temperature at 0° C. PCR

products were electrophoresed on 1.5% Gene Pure Agarose (ISC BioExpress) gel in TBE.

The visualized DNA bands were excised from the gel and del cleaned (Quiagen), cloned into

pCR4-TOPO vector (Clontech), and then sequenced at the UCSD CORE facility to confirm

nucleotide identity.

Western blot assay

The neuroblastoma cell lines and primary neuroblastoma tissue were assessed for MGST1

protein using the polyclonal antibody developed by Dr. Ralf Morgenstern (Karolinska

Institutet, Stockholm, Sweden) using the HepG2 cell line and primary human liver tissue as

positive controls. Cellular extracts were prepared using the Active Motif Nuclear Extract Kit
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(Active Motif # 40010) per manufacturer instructions. The protein extracts were separated

on NuPage Bis-Tri SDS Page gels (Invitrogen # NP0302). The separated proteins were

transferred to Hybond-P PVDF membrane (Amersham #RPN202F) by gel electrophoresis

blotting system (CBS Scientific). Protein detection was accomplished using rabbit

polyclonal anti-MGST1 antibody at 1:2000 dilution followed by 1:10,000 dilution of donkey

anti-rabbit HRP secondary detection antibody (Amersham ECL Plus detection Kit #

RPNZ132) in blocking buffer (TBS Tween 1% BSA). Chemofluorescent detection

(estimated sensitivity < 100 pg of enzyme) was then accomplished using a STORM 860

phosphoimager (Molecular Dynamics).

MGST1 Enzymatic quantification using fluorogenic substrate

To determine if very low amounts of MGST1 were present in NB cells and primary tissue, a

very sensitive fluorogenic assay was performed using a substrate specific for MGST1

activity [16, 17]. The cells were cultured for four days in a T-shaped 75 cm2 flask. Cells

were harvested using trypsin and EDTA, centrifuge 3 minutes at 250 x g, cell pellet

suspended in 1ml 0.1 M potassium phosphate, pH6.5, 1% triton X100, and then sonicated on

ice 3 times for 10 seconds. The protein concentration was determined using a BCA protein

Assay (Thermo Scientific # 23223, 23224). To a black 96 well assay plate (Costar 3915)

was add 100 μl phosphate buffer, 5.0 μl 200 mM glutathione, 0.5 μl fluorogenic cresyl violet

MGST1 substrate (specific activity 560 nmol/min/mg of MGST1 enzyme protein), followed

by cell extract containing 200 ug of protein. Fluorescent assay conditions were excitation at

591 nM and emission at 628 nM. The emissions were quantified every 2 minutes for 20

minutes (sensitivity of 0.02 nanomoles/min per mg of cell extract).

Results

Neuroblastoma cell lines

The expression of MGST1 mRNA was first compared in two common NB cell lines, SK-N-

SH and IMR-32, to other commonly used tumor cell lines. There was no detectable MGST1

mRNA in these two NB cell lines but MGST1 expression was detected in other cell lines

(Figure 1). Next we examined MGST1 expression in all NB cell lines using full length

MGST1 cDNA probe. Human HepG2 hepatoma cells were used as a positive control as

these cells express phase II conjugating enzymes, including MGST1, at a level equivalent to

cryopreserved human hepatocytes [18]. In contrast to previous reports of upregulation of

MGST1 in human tumor cells in vitro and in primary human tumor tissue, there was no

detectable MGST1 mRNA expression in all of the NB cell lines (Figure 2). Significant

expression was detected with the control ubiquitin as well as for the two other microsomal

glutathione transferases (MGST2 and MGST3). A Western blot analysis demonstrated the

presence of MGST1 protein in HepG2 cells, but not in NB5 or SK-N-SH cells, as

anticipated based on the lack of detectable mRNA presence (data not shown). A sensitive

fluorogenic assay using a substrate specific for MGST1 [16, 17] demonstrated significant

MGST1 enzymatic assay in HepG2 cells but no detectable activity in NB5 or SK-N-SH

cells, as anticipated based on the lack of mRNA or protein presence (data not shown).
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Primary human tissue

The expression of MGST1 mRNA was examined in primary NB tissue samples from 16

different individuals to determine if the lack of MGST1 mRNA expression was related to

the development of NB or simply a “cell culture phenomena”. Human HepG2 hepatoma

cells and normal adult human liver tissue were used as positive tissue expressing controls for

these studies. There was no detectable MGST1 mRNA expression in the primary tumor

tissue, but significant expression was detected with the ubiquitin control probe as well as for

two other MAPEG proteins; MGST2 and MGST3 (Figure 3).

Pre-mRNA analysis

To determine if the lack of MGST1 mRNA in NB cells and primary tissue was due to a

processing or splicing error, the existence of pre-mRNA in NB cell lines and primary tissue

was sought using primers that spanned exon 4 and the immediate downstream non-coding

region (intron). The presence of MGST1 pre-mRNA could be demonstrated in human

primary liver tissue and HepG2 cells, but not in any NB cell line or primary tissue (data not

shown).

Southern Blot and Nucleotide Analysis

To determine if a chromosomal rearrangement in the MGST1 gene could be detected and

explain the lack of pre-mRNA expression in NB cells lines and primary tissue, Southern

Blot analysis of the genomic DNA from the NB cell lines was performed. Analysis included

probes corresponding to all 4 exons (Exon 1B, 2, 3, 4) of the human MGST1 gene, and eight

major restriction enzymes (BamHI, BglII, EcoRI, HindIII, MunI, PstI, StuI, XbaI) were used

to digest the genomic DNA. Despite this intensive investigation, there was no obvious

difference between the NB cells lines and the HepG2 cells (example of one Southern

Analysis provided in Figure 4). The nucleotide sequence of the promoter region for 1

kilobase upstream and all 4 exons for the NB5 and SK-N-SH NB cell lines was completed

and compared to the HepG2 GenBank submissions, and also our initial report of the

structure of the human MGST1 gene derived from fibroblasts [14] but no obvious

explanation for the lack of MGST1 pre-mRNA expression was found (data not shown).

Summary

The failure to detect any MGST1 mRNA or protein expression in NB cell lines and primary

tumor tissue is a completely unanticipated finding. There are numerous reports, including

microarray and chip studies, documenting the upregulation of MGST1 in tumor cells. As

MGST1 mRNA expression is ubiquitously expressed primarily under the influence of the

SP1 transcription factor [19], and SP1 expression is upregulated in NB cell lines, one would

have anticipated an increase in MGST1 mRNA similar to that noted with MYCN oncogene

expression in NB cells [20, 21].

The mechanism behind the failure of NB cells and tissue to express MGST1 pre-mRNA/

mRNA, and the potential role of this finding in the development of NB (if any), will require

further investigation. The significance of this finding to the development of neuroblastoma

(familial or otherwise) is unknown and may even be incidental. The lack of MGST1
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expression in NB, however, does have far reaching implications. NB cells are considered to

be extremely sensitive to oxidative stress compared to non-NB derived cell lines but a

comprehensive search for the reason did not yield an explanation although the expression of

numerous antioxidant enzymes and factors were examined [22–25]. There were even

clinical attempts to exploit this sensitivity to oxidative stress by using compounds that auto-

oxidize (generate superoxide or hydrogen peroxide) to purge NB cells from bone marrow

prior to transplantation [26].

There have been numerous studies investigating the expression of a variety of classical anti-

oxidant enzymes and factors in an attempt to explain why NB cells are extremely sensitive

to oxidative stress, but no mechanism was identified. Our work now provides a plausible

molecular basis for the sensitivity of NB cells to oxidative stress and explains why NB cells

are extremely sensitive to GSH depletion [27]. There is also a large compendium of recent

work describing significant alterations in mitochondrial permeability and potential upon

oxidative stress in NB cell lines that result in apoptosis. Given that MGST1 provides

significant protection against oxidative stress [28], and constitutes 4 to 6% of all protein in

the outer membrane of the mitochondria, it is plausible that these significant alterations in

mitochondrial homeostasis are the result of NB cells being devoid of MGST1 protein. Thus,

studies using NB cells to investigate mitochondrial response to endogenous and exogenous

stress may not be translatable to other tumor and cell types. We are currently attempting to

generate MGST1 expressing clones through use of retroviral and plasmid-based constructs

using heterologous promoters to direct the production of MGST1 in NB cell lines. If

successful, these cell lines could provide insight into the role of MGST1 in NB

development, the sensitivity of NB cells to oxidative stress, and alterations in mitochondrial

homeostasis upon oxidative stress.

Conclusions

Human neuroblastoma cell lines and primary tumor tissue fail to express microsomal

glutathione S-transferase 1 (MGST1).

Failure to express MGST1 provides an explanation for the inherent sensitivity of

neuroblastoma cells to oxidative stress.
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Highlights

Neuoblastoma tumor cells are sensitive to oxidative stress

Neuroblastoma tumor cells and primary human tumor tissue lack MGST1 protein

The lack of MGST1 provides a basis for the sensitivity of neuroblastoma cells to

oxidative stress
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Figure 1.
Comparison of MGST1 mRNA expression in neuroblastoma cell lines SK-N-SH and IMR-32 (lanes 22 and 23) to other cell

lines. Lanes were loaded with 25 ng of extracted mRNA. Six lanes are blank to allow for orientation and background expression.

Lane Identification: 1 = A549 Lung, 2 = NCI-H460. 3 = NCI-H1299, 4 = blank, 5 = colon HCT116, 6= colon HCT116 p21 null,

7 = colon HCT116 p53 null, 8 = colon HCT-15, 9 = colon HT-29, 10 = blank, 11 = breast MDA-MB-435, 12 = breast MDA-

MB-231, 13 = breast MCF7, 14 = ovarian SD-OV-3, 15 = cervical HeLa, 16 = blank, 17 = prostate DU 145, 18 = prostate PC-3,

19 = blank, 20 = melanoma SK-MEL-28, 21 = blank, 22 = neuroblastoma SK-N-SH, 23 = neuroblastoma IMR-32, 24=

glioblastoma U-87, 25 = blank, 26 = renal 786-0, 27 = renal ACHN, 28 = Liver HepG2,
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Figure 2.
Comparison of mRNA expression in control HepG2 cells versus NB cell lines for microsomal glutathione S-transferase

enzymes. The lanes labeled with a “C” correspond to 25 ng of extracted HepG2 mRNA. The mRNA from NB cell lines was

loaded at 100 ng (or four times the control samples); Lane 1 contains IMR32 cells, Lane 2 SK-N-SH cells, Lane 3 NB5 cells,

Lane 4 NB7 cells, Lane 5 SK-N-AS cells.
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Figure 3.
Comparison of MGST1 expression versus ubiquitin, MGST2, and MGST3 expression in primary NB tissue versus HepG2 cells

and human liver mRNA.

Lane 1: background; Lanes 2, 3, 4 and 5: HepG2 cells at 75, 150, 300 and 300 ng of mRNA, respectively. Lanes 6, 7, 8, and 9:

Primary human liver tissue at 75, 150, 300 and 300 ng of mRNA, respectively. Lanes 10 through 25 contain 150 ng of mRNA

extracted from 16 different primary NB tumor tumors.
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Figure 4.
Representative example of Southern blot analysis of genomic DNA using exon 2 of human MGST1 as a probe. Lanes marked

with an I refer to genomic DNA from IMR-32 cell line, S refer to SK-N-SH, and H refer to HepG2.
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Table 1

Patient characteristics from which primary tumor tissue was obtained.

UCSD Patient Identifier Age at diagnosis (years) Clinical Stage at diagnosis N-myc Amplification Event Free Survival (days)

2 0.03 A negative 1100

4 0.06 A negative 1017

6 1.38 A negative 1150

7 0.07 A negative 969

9 0.67 A negative 792

12 5.76 B negative 1529

13 0.31 B negative 823

16 0.12 B negative 691

17 2.8 C positive 2433

21 1.5 C negative 1253

23 2.8 C positive 912

24 1.4 D positive 590

29 0.6 D positive 139

31 0.02 D positive 100

37 0.04 DS negative 761

N4152 5.23 yrs D negative NA
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