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ABSTRACT
Purpose: GD2 is abundantly expressed in neuroblas-

toma (NB). GD2 synthesis is dependent on key enzymeb
1,4-N-acetylgalactosaminyltransferase (GD2 synthase). We
explore the potential of GD2 synthase mRNA as a molecular
marker of minimal residual disease by first comparing it
quantitatively with immunocytology and then testing its
clinical utility.

Experimental Design:A real-time reverse transcription-
PCR assay to quantify mRNA of GD2 synthase was devel-
oped. Quantitation was normalized to endogenous control
glyceraldehyde-3-phosphate dehydrogenase in a multiplex
PCR.

Results:The upper limit of normal was defined by 31
normal marrow and blood samples, achieving a sensitivity of
one NB cell in 106 normal mononuclear cells. When 155 bone
marrows from 100 NB patients were studied, GD2 synthase
mRNA levels correlated well with the number of GD2-
positive cells, as measured by immunocytology using anti-
GD2 antibodies (r 5 0.96). This is the first demonstration of
the quantitative relationship between a specific mRNA and
the actual number of tumor cells. In a pilot study, the level
of this transcript in sequential marrow samples of five stage
4 NB patients correlated closely with their clinical status. At
24 months after diagnosis, available remission bone mar-
rows from patients with advanced NB diagnosed at>1 year
of age initially treated with protocols N6 and N7 at Memo-
rial Sloan-Kettering Cancer Center (n 5 44) were analyzed
for GD2 synthase mRNA. Positivity was strongly associated
with progression-free (P < 0.005) and overall survival (P <
0.001).

Conclusions:Measurement of tumor cells by real-time
quantitative reverse transcription-PCR of GD2 synthase has
potential clinical utility, especially for the detection of min-
imal residual disease.

INTRODUCTION
As the thoroughfare for cellular trafficking, blood and BM3

harbor tumor micrometastases that seed organs distant from the
primary site. The presence of these occult tumor cells has grave
prognostic significance in various malignancies, including
breast cancer (1), colon cancer (2), stomach cancer (3), lung
cancer (4), melanoma (5), and leukemia (6). For the childhood
cancer NB, BM disease is associated with an unfavorable out-
come (7, 8). Histological examinations by H&E stain of marrow
biopsies and Wright-Giemsa stain of marrow aspirates have
been the standard techniques to monitor BM disease. However,
these techniques can grossly underestimate its prevalence in NB,
even if multiple sites are tested (9). Because of its superior
sensitivity, immunocytology using monoclonal antibodies can
complement and augment morphological methods of tumor de-
tection (9, 10). The use of molecular markers of NB has also
been explored to detect BM disease, in particular, the lineage-
specific gene transcript tyrosine hydroxylase, which is the first
and rate-limiting enzyme in the catecholamine biosynthesis
pathway. This transcript is useful in detecting tumor cells in the
BM and blood (11). However, its expression may be down-
regulated in some cells (12). More recently, cancer-testis anti-
gen GAGE has been found to be comparable in sensitivity to
immunocytology in detecting NB cells in the BM (13). Molec-
ular detection by RT-PCR has thus far been qualitative. We
reason that quantitative PCR measurements of tumor cells over
the course of treatment in the marrow and blood can provide
substantially more information, allowing comparisons to be
made between treatment phases and approaches, as well as
among patients.

The emergence of real-time quantitative PCR technology
has facilitated the evaluation of microscopic tumors. PCR de-
tection of clonal genomic immunoglobulin H gene rearrange-
ment in B-cell malignancies, including multiple myelomas (14),
acute lymphoblastic leukemia (15), and chronic myelogenous
leukemia (16), has redefined the meaning of remission and will
likely change the way we manage these diseases. In addition,
real-time quantitative PCR has been used successfully in meas-
uring EBV viral DNA, a powerful predictor of tumor recurrence
in nasopharyngeal carcinoma (17). This technique compares
favorably with nested competitive RT-PCR in sensitivity, line-
arity, and reproducibility (18). In NB, the choice of GD2 syn-
thase for the real-time quantitative RT-PCR assay is particularly
attractive because GD2 is expressed homogeneously in NB of
all stages. GD2 density in NB cells is high (5–103 106

molecules/cell; Ref. 19), and this glycosphingolipid antigen is
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rarely lost after anti-GD2 therapy (20). GD2 synthesis is de-
pendent on a key enzyme,b1,4-N-acetylgalactosaminyltrans-
ferase (GD2/GM2 synthase), that catalyzes the transfer of
b1,4-N-acetylgalactosamine to precursor gangliosides GD3/
GM3, respectively (21). In this report, the enzyme will be
termed GD2 synthase for clarity, and not GD2/GM2 synthase.
Its gene transcript level was found to correlate with the enzyme
activity, as well as GD2 expression in individual cell lines (22).
By competitive RT-PCR, GD2 synthase mRNA expression was
enhanced in some gastric and colon carcinomas when compared
with normal mucosa (23).

We hypothesize that GD2 synthase mRNA may potentially
be a useful molecular marker for the detection of NB in the BM
or blood. To date, there has been only one report on the detec-
tion of the GD2 synthase transcript by RT-PCR and Southern
blot analysis of melanoma cell lines and in the blood of some
patients with advanced stages of malignant melanoma (24). The
objective of this study is to measure GD2 synthase mRNA by
real-time quantitative RT-PCR and to use it as a marker of
tumor cells in the BM of NB patients. We want to determine the
quantitative relationship between transcription level and the
percentage of GD2-positive tumor cells as enumerated by im-
munocytology. The clinical significance of marrow GD2 syn-
thase will be tested among patients in clinical remission. We
will also correlate the serial levels of transcript in individual
patients with their clinical status.

PATIENTS AND METHODS
Patients

NB patients evaluated at Memorial Sloan-Kettering Cancer
Center were diagnosed and staged in accordance with the Inter-
national NB Staging System (25). Serial BM samplings were
obtained as part of disease evaluation while the patient was
being treated, with the approval of the institutional review board
of Memorial Hospital. Each marrow examination generally con-
sisted of six samplings [two biopsies (right and left posterior
iliac crest) and four aspirates (right and left anterior iliac crest,
right and left posterior iliac crest obtained from six different
sites of the iliac crests)]. Details of the procedure were described
previously (9).

Immunocytology
Freshly collected heparinized BM pooled from four aspi-

ration sites was separated by Ficoll centrifugation. Mononucle-
ated cells were incubated with a panel of anti-GD2 monoclonal
antibodies, followed by a reaction with a fluoresceinated anti-
mouse IgG1IgM antibody. GD2-positive tumor cells were ex-
amined and enumerated by a trained technician using a fluores-
cence microscope. Quantitation was expressed as the number
of GD2-positive cells/total number of mononuclear cells in
each counting chamber. Negative detection was defined as
#0.001% (9).

RNA Extraction and cDNA Synthesis
Cryopreserved BM mononuclear cells were used. Total

RNAs were extracted, and reverse transcription was performed
as described previously (26).

Real-Time Quantitative PCR
Background. Relative quantitation of GD2 synthase

mRNA was achieved by means of the ABI Prism 7700 Se-
quence Detection System (Applied Biosystems, Foster City,
CA). In TaqMan real-time quantitation technology (27–29), the
59 exonuclease activity of the Taq polymerase cleaves and
releases the hybridization probe that was labeled with a fluo-
rescent reporter dye. This fluorogenic probe is specific for the
target sequence, thereby generating a fluorescence signal that is
specific and directly proportional to the amount of PCR product
synthesized. PCR reactions are characterized by the time point
during cycling when amplification of the PCR product is first
detected, rather than by the amount of product accumulated after
a fixed number of cycles. Because the amount of product at the
exponential phase of the PCR is proportional to the initial copy
number of the target, the more abundant the starting quantity of
a target, the earlier the PCR amplification will be detected by
means of the fluorescence signal. In this technology, the target
quantity is measured by identifying the threshold cycle number
(CT), i.e., when the fluorescence signal crosses a preset detec-
tion threshold. The laser detector of the Prism 7700 monitors the
cycle-to-cycle change in fluorescence signal on-line. The fewer
cycles it takes to reach a detectable level of fluorescence, the
greater the initial copy number.

Measurement of GD2 synthase transcript was based on two
reporter dyes with the largest difference in emission wavelength
maxima, namely, 6-FAM for GD2 synthase and VIC for
GAPDH, our endogenous reference to control for difference in
RNA extraction and cDNA synthesis. After optimization by
limiting the primer concentrations of the more abundant target
GAPDH, multiplex PCR became the standard assay, resulting in
higher throughput and reducing the effect of pipetting errors.

The primers and probe for GD2 synthase were designed
using the applications-based primer design software Primer Ex-
press (Applied Biosystems, ABI). The probe spanned an intron,
thereby avoiding the amplification of contaminating genomic
DNA present in the sample. For GD2 synthase, the sense primer
was 59-GACAAGCCAGAGCGCGTTA-39, and the antisense
primer was 59-TACTTGAGACACGGCCAGGTT-39. The
probe was FAM-59-AACCAGCCCTTGCCGAAGGGC-39 (99
bp). For GAPDH, the sense primer was 59-GAAGGTGAAG-
GTCGGAGTC-39, and the antisense primer was 59-GAAGAT-
GGTGATGGGATTTC-39. The probe was VIC-59-CAAGCT-
TCCCGTTCTCAGCC-39 (226 bp). GD2 synthase and GAPDH
designs were based the sequence from GenBank, accession
numbers NM_001478 and J04038, respectively. Primers and
probes were synthesized by ABI.

Procedure. In each 25-ml MicroAmp optical tube (ABI),
2 ml of cDNA template were added to a PCR reaction mix. This
mixture included the Taqman master mix (ABI) containing 5
mM MgCl2; 200 mM each of dATP, dCTP, dGTP, and dUTP;
0.05 unit/ml AmpliTaq Gold DNA polymerase; and 0.01 unit/ml
AmpErase UNG to prevent PCR product carryover, as well as a
passive reference dye, ROX. This reference dye provides an
internal reference to which the reporter dye signal can be nor-
malized, compensating for the fluorescence between wells and
between experiments caused by pipetting errors or instrument
variability. Also included in the mixture was 300 nM each of
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GD2 synthase forward and reverse primers, 200 nM GD2 syn-
thase (FAM) probe, and 40 nM each GAPDH primer, and 100
nM GAPDH (VIC) probe. Each tube was covered with a Micro-
Amp optical cap. Every PCR run included a five-point standard
to generate standard curves for GD2 synthase and GAPDH, plus
a no template control. Samples were often run in duplicate PCR
experiments.

Using the ABI Prism 7700 Sequence Detector, the initial
PCR began with a 50°C, 2-min step to optimize UNG activity,
followed by a 95°C, 10-min step to activate AmpliTaq Gold
DNA polymerase and UNG deactivation. Then, 40 cycles at
95°C for 15 s and 60°C for 1 min were performed. The entire
PCR took 2 h tocomplete, with no post-PCR handling.

Calculation
For each unknown test sample, the amount of GD2 syn-

thase and endogenous reference GAPDH was determined from
the respective standard curve. Dividing the GD2 synthase level
by the GAPDH level resulted in a normalized GD2 synthase
value. Quantitation of 31 normal BM and peripheral blood
samples established the threshold below which the quantitative
value was considered background. The variation in quantitation
from experiment to experiment was within 15%.

Statistical Analysis
Prognostic importance of clinical variables was evaluated

by Cox regression using univariate and multivariate analyses.
Patient survival was estimated by the Kaplan-Meier method, and
survival comparisons between groups were made using the
log-rank test.

RESULTS
Specificity and Sensitivity of Real-Time Quantitative

RT-PCR of the GD2 Synthase Transcript. A multiplex as-
say was established by generating two reproducible standard
curves, one for GD2 synthase mRNA and one for GAPDH. The
cDNA standard (100,000 arbitrary units) was derived from NB
cell line NMB7 and reverse transcribed in the same manner as
the test samples. The standard was serially diluted to obtain a
linear dynamic range of.5 logs (Fig. 1). The amplification

plots of cDNA standards of GD2 synthase and GAPDH are
illustrated in Fig. 2,a andb. The GD2 synthase transcript level
was expressed as a multiple of GAPDH expression. The thresh-
old level, i.e., the upper limit of normal (mean1 2 SE) of GD2
synthase mRNA, was established using a total of 31 normal BM
and peripheral blood samples. Mean GD2 synthase/GAPDH
was 0.98, and SE was 1.60. Thus, the calculated threshold of the
normalized GD2 synthase was 4.18 (rounded to 5.0 for this
analysis). Levels below 5.0 were defined as negative. The sen-
sitivity of this assay was established by spiking NMB7 cells at
ratios ranging from 1–10,000 tumor cells per million normal
marrow mononuclear cells. The quantitative values are tabulated
in Table 1. The level of GD2 synthase transcript for a tumor
content of 1 cell/106 cells was 9.546 1.74.

Quantitation of GD2 Synthase mRNA in 155 BM Sam-
ples from 100 NB Patients. The level of GD2 synthase
mRNA was correlated with the number of GD2-positive tumor
cells as enumerated by immunocytology. In this real-time quan-
titative RT-PCR, levels greater than 5.0 were defined as posi-
tive, whereas measurements of.0.001% GD2-positive cells by
immunocytology were deemed positive. Only marrows positive
for both GD2 synthase and immunocytology were included in
this correlation analysis. As shown in Fig. 3, a linear relation-
ship was found between these two independent measurements
(r 5 0.96).

There was concordance in both positivity and negativity
between GD2 synthase mRNA by real-time quantitative RT-
PCR and immunocytology. Agreement was 74% (115 of 155
BM samples; Table 2). Thirty-two samples were GD2 synthase
positive and immunocytology negative. Eight samples were
GD2 synthase negative and immunocytology positive. Interest-
ingly, the BM aspirates examined in seven of the eight samples
mentioned above were also negative by histological exami-
nation.

Patterns of GD2 Synthase mRNA Measurement of Pa-
tients with Serial BM Samplings. In a pilot study, sequential
BMs from five stage 4 NB patients were studied throughout the
course of their treatment and follow-up (Table 3). The expres-
sion levels of GD2 synthase correlated closely with the patient’s

Fig. 1 A representative stand-
ard curve of real-time quantita-
tive RT-PCR of GD2 synthase
mRNA was derived from seri-
ally diluted cDNAs of NB cell
line NMB7.
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clinical status. Patients 1–3 are alive and progression free.
Patients 4 and 5 have succumbed to NB and died.

Prognostic Significance of GD2 Synthase Transcript on
the Survival of Patients with NB. At 24 months after diag-
nosis, available remission BMs from patients with advanced NB
diagnosed at.1 year of age initially treated with protocol N6
(n 5 19) and protocol N7 (n 5 25) were analyzed for GD2
synthase mRNA by real-time quantitative RT-PCR. Eight of 19
(42%) N6 patients and 5 of 25 (20%) N7 patients were positive,
as defined by the threshold of 5.0. In total, 30% of the samples

Table 1 Sensitivity of real-time quantitative RT-PCR of GD2
synthase mRNA

Ratio of tumor cells to
normal marrow cells GD2 synthase/GAPDH

1022 581.916 62.41a

1023 93.246 4.75
1024 24.186 2.06
1025 12.186 1.51
1026 9.546 1.74

a Mean6 SE of two experiments.

Fig. 2 Amplification plot of
GD2 synthase (a) and GAPDH
(b) standard curve.
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(13 of 44 samples) were positive for GD2 synthase mRNA.
Figs. 4 and 5 showed a strong correlation between GD2 synthase
positivity at 24 months after diagnosis and adverse clinical
outcome for both progression-free survival (P , 0.005) and
overall survival (P , 0.001).

DISCUSSION
As the focus of curative strategies shifts to MRD, objective

quantitation of occult tumor cells becomes critically important.
For NB, the efficacy of various therapeutic approaches is often
based on BM response. In particular, autologous marrow/stem
cell transplantation is predicated on the marrow being free of
tumor cells (30). As in other metastatic cancers, BM is often the
first site of relapse and is not uncommonly the only site of
metastasis for NB. Large retrospective studies have clearly
demonstrated the importance of marrow remission in ensuring
long-term survival (31). As therapy becomes more effective,
being able to quantify tumor cells in sequential follow-up BM
samples will help define the quality of remission by serving as
a surrogate marker for tumor response. Patients in solid remis-
sion may be spared further chemotherapy and its leukemia risk.
Sensitive methods to detect NB cells can further provide better
timing for marrow collection before autologous stem cell trans-
plant. At time of MRD, the absence of detectable molecular
marker may serve as a surrogate end point for the adjuvant
treatment strategy. Moreover, quantitative information on BM
disease will help detect relapse earlier and improve the patient’s
chance of survival.

Immunocytology using specific antibodies against GD2
has been successful in detecting and quantifying tumor cells in
the BM (9, 10). However, only freshly collected samples can be
used. This technique is also labor intensive because it requires
counting cells under the microscope. In contrast, molecular
monitoring of residual tumor cells by RT-PCR uses cryopre-

served mononuclear cells, and experiments can be repeated
multiple times and for multiple markers as they are being
developed. Sensitivity of tumor cell detection by immunocytol-
ogy is 1 in 105 cells, whereas in RT-PCR, it is 1 in 106 cells.
However, molecular-based MRD assays can be hampered by
false positive results due to the fact that tumor-specific markers
that detect rare tumor cells can also be present in nontumor cells.
In addition, there is the process of illegitimate transcription,i.e.,
the transcription of any gene in any cell type. Tissue-specific
markers can also lead to false positive PCR results if normal
cells are introduced in the circulation after invasive procedures.

In our laboratory, cancer-testis antigensMAGE (13),
GAGE (26), SSX(32), BAGE, and NYESO(data not shown)
have been examined to evaluate their potentials as markers for
MRD. Among these antigens,GAGEwas found to be a superior
molecular marker because its presence in the blood and BM had
prognostic importance in disease progression and survival for
patients with advanced NB (33) and melanoma (34).GAGE
detection was based on RT-PCR and chemiluminescence, where
positivity was identified by a PCR product of the appropriate
size, and confirmed by Southern blotting.

Development of a real-time quantitative RT-PCR assay
broadens the potential for monitoring of MRD in NB. The
advantages of real-time quantitation are numerous. With a wide
linear dynamic range and superior sensitivity and accuracy, it
allows good intra-assay and interassay reproducibility. Addi-
tional attractions include high throughput capacity, speed, and
elimination of lengthy post-PCR handling steps, preventing
potential carryover contamination. In this study, a new molec-
ular marker, GD2 synthase, was explored to measure NB cells in
the BM by real-time quantitative RT-PCR. Over the last 15
years, our laboratory has routinely used anti-GD2 immunocy-
tology to enumerate NB cells in the BM of patients. Whereas
anti-GD2 monoclonal antibodies are specific for the oligosac-
charide moiety of the antigen GD2, real-time quantitation of
GD2 synthase mRNA provides us with information on the
expression of the enzyme. The excellent quantitative correlation
between these two measurements suggests a close relationship
between enzyme GD2 synthase and antigen GD2 in individual
tumor cells and among patients. Thus, comparison over time in
the same patient can be made, as well as a comparison through
different phases of treatment and among patients. This report is
the first demonstration of a quantitative relationship between a
specific mRNA and the actual number of tumor cells. Because
of the inherent sensitivity of RT-PCR, we were not surprised to
find more samples that were GD2 synthase positive and immu-
nocytology negative. These were unlikely to be false positive

Table 2 Concordance in molecularversusimmunological detection
of GD2 in the BM samples

Real-time RT-PCR

Immunocytology

Positive Negative Total

Positive 45 32 77
Negative 8 70 78

Total 53 102 155

Fig. 3 Correlation between quantitation by immunocytology and GD2
synthase mRNA. Both axes were log(10). Immunocytology was ex-
pressed as the number of GD2-positive cells/106 marrow mononuclear
cells. GD2 synthase mRNA was measured as described in “Patients and
Methods.” Correlation coefficient5 0.96.
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samples because these patients had other evidence of disease,
although some of their marrows were histologically negative.

Clinical utility of this method was demonstrated by first
examining sequential BM samples of individual NB patients.
The level of transcript agreed with their clinical disease status,
and it correlated closely with the tumor burden in the marrow,
as measured by immunocytology (data not shown). Secondly,
we tested the importance of remission marrow GD2 synthase
mRNA among patients 2 years after diagnosis. This cohort had
previously been monitored forGAGE expression by RT-PCR
and chemiluminescence.GAGEpositivity of their marrows at 24
months after diagnosis was strongly correlated with disease
progression and death (33). GD2 synthase expression was also
significantly associated with patient outcome. Interestingly,
there was a statistically lower percentage of GD2 synthase-
positive marrows among patients entered in protocol N7 com-
pared with those entered in protocol N6. Because these two
protocols were essentially identical, except for the inclusion of
131I-labeled monoclonal antibody 3F8 in N7, this difference
may be a reflection of the treatment efficacy of the two protocols.

This newly developed quantitative RT-PCR assay has
many potential clinical utilities. By quantifying tumor cells in
the marrow during the course of treatment and follow-up, sub-
stantially more information on disease status will be gained.
Because of the intensified use of topoisomerase II inhibitors and
alkylators, there is an increase in the incidence of secondary
leukemia among NB patients (35). Patients early on in solid
remission may not need further chemotherapy. Adjuvant thera-
pies, such as monoclonal antibody, oral VP16, orcis-retinoic
acid, often make gradual and not quantum changes in MRD,
which by definition is beyond the sensitivity of conventional
histological or radiographic techniques. The efficacy and dura-
tion of adjuvant treatment, which can only be assessed retro-
spectively after an extended period of clinical follow-up, may
now be determined by using the level of GD2 synthase tran-
script as the surrogate end point. Patients who may be at risk for
relapse, albeit systemic or in central nervous system, may ben-
efit from earlier intervention/prophylaxis if an elevation in the
molecular marker in BM, blood, or cerebrospinal fluid is noted.

Table 3 Relative quantitation of GD2 synthase mRNA of sequential samples in the BMs of stage 4 NB patients during the course of treatment
and follow-upa

Timeline

Patient

1 2 3 4 5

At diagnosis 24.7 (0 m)b 21.0 (0 m) 107.1 (0 m) 4098.3 (0 m) 350.3 (0 m)
During treatment 12.0 (6 m) 0 (6 m) 9.9 (6 m) 37.4 (6 m) 15.0 (1 m)
Clinical remission 1.8 (12 m) 0 (12 m) 0 (12 m) 0 (13 m) 2.2 (10 m)
Follow-up 4.2 (17 m) 0 (18 m) 0 (18 m) 50.8 (17 m) 8.5 (13 m)
Follow-up 1.1 (24 m) 0 (31 m) 0 (24 m) 16.2 (24 m)
Relapse 25.8 (30 m) 546.3 (18 m)
Relapse 26.1 (41 m)
Status PFc (73 m) PF (83 m) PF (100 m) Dead (50 m) Dead (22 m)
a Relative quantitation was expressed as GD2 synthase/GAPDH with a detection threshold of 5.0, as described in “Patients and Methods.”
b Months (m) after diagnosis.
c PF, progression free.

Fig. 4 Relationship between GD2 synthase mRNA and Kaplan-Meier
analysis of progression-free survival from remission marrows sampled
at 24 months after diagnosis.

Fig. 5 Relationship between GD2 synthase mRNA and Kaplan-Meier
analysis of survival from remission marrows sampled at 24 months after
diagnosis.
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Moreover, better timing for marrow or stem cell collection may
be possible. Because GD2 is present in other malignancies,
including osteosarcoma (36), soft tissue sarcoma (37), medul-
loblastoma and high-grade astrocytoma (38, 39), retinoblastoma
(40), melanoma (41, 42), and small cell lung cancer (43), this
quantitative assay may have broader clinical applications.
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