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Accurate monitoring of minimal residual disease
(MRD) is critical for the management of metastatic
neuroblastoma (NB). We evaluated cyclin D1
(CCND1), a cell-cycle control gene, as a novel MRD
marker of NB. Using quantitative reverse transcrip-
tase-polymerase chain reaction, we studied CCND1
expression in 133 solid tumors of different histolog-
ical types, including 39 NB tumors, and examined its
potential clinical utility as an early response marker
in the bone marrows before and after treatment of
118 stage 4 patients enrolled after induction chemo-
therapy in an immunotherapy protocol. Based on 40
normal marrow and peripheral blood samples, a
CCND1 transcript value greater than the mean + 2 SD
was defined as positive. Sensitivity of this assay was
one NB cell in 10° normal mononuclear cells. CCND1
transcript levels were high in NB, breast cancer, and
Ewing family tumors. Among the NB patients evalu-
ated, early (2.5 months from protocol entry) marrow
response was strongly associated with both progres-
sion-free (P = 0.0001) and overall survival (P =
0.0006). CCND1 response remained predictive of sur-
vival among a subset of 66 patients who had no his-
tological evidence of marrow disease before immuno-
therapy. We conclude that CCND1 has potential
clinical utility as a novel molecular marker of MRD in
the bone marrow of patients with metastatic NB.
Mol Diagn 2007, 9:237-241; DOI: 10.2353/jmoldx.2007.060130)

Sophisticated use of chemotherapy, surgery, and/or ra-
diation therapy can reduce cancers to near complete
remission. However, cancer cure remains elusive, the
major hurdle being minimal residual disease (MRD),
which is typically below the detection limit of conventional
clinicopathological tools. Because the current eligibility
criteria of most clinical trials require evidence of gross
disease, a tumor will not be treated until it is measurable
and symptomatic. This killing paradigm may be undesir-
able for several reasons.” First, the Goldie-Coldman hy-
pothesis predicts that bigger tumors have higher likeli-
hoods of mutations and resistance.? Second, visible

tumors acquire additional barriers to drug delivery (eg,
suboptimal tumor pressure, vasculature, and oxygen-
ation).®* Third, a patient with large or extensive disease
is in general physically and/or mentally compromised
and is less likely to tolerate treatment side effects. An
alternative strategy of regulatory control has been pro-
posed." This treatment paradigm is particularly relevant
to today’s cancer therapeutics. Although novel agents
such as angiogenesis inhibitors, growth modulators, or
vaccines may not achieve rapid tumor shrinkage, they
may nevertheless be effective in controlling MRD, such
that patients can live with cancer.

Targeting subclinical disease is especially relevant to
metastatic neuroblastoma (NB), a pediatric cancer that
poses enormous clinical challenges because of its bulky
primaries and widespread metastases. Although most
patients with metastatic disease can now achieve near
complete remission, they typically relapse because of
MRD, and cure after clinical relapse is rare. Adjuvant
therapies such as stem cell transplantation and immuno-
therapy are used, but the ability to measure MRD accu-
rately is crucial to evaluate their anti-tumor effect, to
identify the optimal timing for stem cell collection, and to
provide early indications of treatment failure. Moreover,
there are many potential agents and strategies that can
be effective in the MRD setting but are unable to be
tested because of the absence of sensitive markers.
These include monoclonal antibodies, antiangiogenesis
agents, tyrosine kinase inhibitors, demethylators, and
their novel combinations. Testing these treatment strate-
gies with the aid of MRD markers will likely hold the key to
eradicating metastatic NB.

The repertoire of known markers for NB is very small,
with tyrosine hydroxylase being one of most widely used
molecular targets. Tyrosine hydroxylase is the first and
the rate-limiting enzyme in the biosynthesis of catechol-
amine, which is secreted by most NBs.®~° Because NB is
inherently heterogeneous, additional markers are neces-
sary to enhance both the sensitivity and specificity of
MRD detection.’® In this report, cyclin D1 (CCND1) was
evaluated as a novel MRD marker of NB because of its
known pivotal role in controlling cyclin-dependent ki-
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nases during cell cycle progression’' and its overexpres-
sion and adverse prognostic impact in human can-
cers,"" ™ including NB,'? rhabdomyosarcoma and
Ewing’s sarcoma,'® high-grade extremity soft-tissue sar-
comas,'® breast cancers,’”' endometrial adenocarci-
noma,'® some lung cancers,'” ovarian cancer,'®'® and
squamous cell carcinoma of the oropharynx.2° The mo-
lecular-based technique used was quantitative reverse
transcriptase-polymerase chain reaction (gRT-PCR),
which was shown to be highly specific and sensitive to
detect and measure gene transcripts in bone marrow
(BM) and blood.21-24

Materials and Methods
Solid Tumors of Different Histological Types

Tumor samples obtained at diagnosis and relapse at
Memorial Sloan-Kettering Cancer Center were snap-fro-
zen in liquid nitrogen. In addition to 39 NBs (four stage 1,
five stage 2, five stage 3, five stage 4, and 20 stage 4),
there were 12 brain tumors, 22 breast cancers, seven
desmoplastic small round cell tumors, 12 Ewing family
tumors, five osteogenic sarcomas, 12 prostate cancers,
seven rhabdomyosarcomas, five Wilm’s tumor, and 12
other soft tissue sarcomas. Written informed consent was
obtained from the patients and/or their guardians in ac-
cordance to the guidelines of the institutional review
board of Memorial Sloan-Kettering Cancer Center.

BM Samples before and after Treatment

BM (pooled marrow aspirates from four iliac crest sites)
from all stage 4 patients with follow up samples (n = 118)
treated on protocol IRB 9418 at Memorial Sloan-Kettering
Cancer Center®® was analyzed for CCND1 expression.
This immunotherapy protocol used anti-GD2 monoclonal
antibody 3F8 plus GM-CSF in patients who had already
completed their induction chemotherapy. In brief, treat-
ment cycles were repeated approximately every 1 to 2
months until 24 months from the 1st day of protocol
enrollment. Treatment continued until patients either de-
veloped progressive disease or had a total of four cycles
plus elevated human anti-mouse antibody titer.?® Pro-
gressive disease was defined in accordance with Inter-
national Neuroblastoma Staging Sytem response crite-
ria.2” At the time of protocol entry, these patients had the
following disease status: 52 complete remission/very
good partial remission (CR/VGPR) (with normal marrow
histology, computed tomography/magnetic resonance
imaging (CT/MRI), metaiodobenzylguanidine (MIBG)
scan, and urinary catecholamine metabolites), 44 pri-
mary refractory (with histologic or radiographic evidence
of disease after induction therapy), 13 secondary refrac-
tory (with evaluable disease after salvage therapy), and
nine progressive disease. BMs after treatment were sam-
pled after the patients had completed two treatment cy-
cles at a median of 2.5 months from protocol entry. Pa-
tients (109 of 118) were diagnosed at >18 months of age,
generally regarded as the highest risk age group. The

median age at diagnosis was 56 months. Twenty-seven
patients had amplified MYCN with >10 copies per diploid
human genome.

Real-Time gRT-PCR

Real-time gRT-PCR was performed on cryopreserved BM
as previously described.?*?® CCND1 and endogenous
reference glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were quantified from their respective standard
curves using serially diluted cDNA from NB cell line
NMB?7. Dividing the CCND1 level by the GAPDH level
resulted in a normalized CCND1 transcript value. The
primers and probe for CCND1 were based on the Gen-
Bank sequence (NM_053056) and designed using
Primer Express (Applied Biosystems, Foster City, CA).
CCND1 sense primer was 5-CCGAGAAGCTGTGCA-
TCTACAC-3' and anti-sense primer was 5-AGGTTCC-
ACTTGAGCTTGTTCAC-3'. CCND1 probe was FAM-5'-
AGGAGCAGCTCCATTTGCAGCAGCTC-3'-TAMRA. The
amplicon was 94 bp. Predeveloped TagMan assay re-
agent for human endogenous control glyceraldehyde-3-
phosphate dehydrogenase GAPDH (VIC, NM_002046)
was also purchased from Applied Biosystems. Samples
were assayed at least twice on separate days; overall
concordance was >90%, and arithmetic means were
used for outcome analyses. They were performed blind
with respect to patient outcome.

Statistical Analysis

BM was classified as positive if CCND1 transcript level
was greater than the upper limits of normal, as defined as
mean + 2 SD of 40 normal marrow and blood samples
(7.1 U). Molecular response was defined as follows: pa-
tients with BMs that were marker-positive in their pretreat-
ment sample and negative after treatment were scored
as CR, marker-positive before and after treatment as
refractory, negative pretreatment turning positive after
treatment as progressing, and negative marker before
and after treatment as uninformative. Proportional haz-
ards Cox models were used to determine associations
between CCND1 and progression-free and overall sur-
vival, measured from the beginning of immunotherapy.
Molecular response was analyzed as a time-dependent
covariate.

Results

CCND1 Expression in NB Tumors and Other
Human Solid Tumors

Sensitivity of CCND1 mRNA by gRT-PCR was estab-
lished by spiking NMB7 cells at ratios ranging from 1 to
10,000 tumor cells per 10° normal mononuclear cells.
The level of CCND1 transcript for a tumor content of 1/10¢
was 9.7 U. Among a panel of 133 human solid tumors
tested, CCND1 expression was high in 39 NB tumors of
all clinical stages (median, 2157 U), in 22 breast cancers



Table 1. CCNDI1 Expression (in Transcript Units) in 133
Human Solid Tumors

Sample 25th 75th
Tumor type size Median Centile Centile
Neuroblastoma 39 2157 1053 3547
EFT 12 1987 1125 3695
Breast cancer 22 2218 1031 3453
DSRCT 7 856 747 1141
Prostate cancer 12 719 509 962
Soft tissue sarcoma 12 371 247 738
Brain tumor 12 137 44 244
RMS 7 106 39 514
Wilms’ tumor 5 68 17 99
(ON] 5 8 7 76

DSRCT, desmoplastic small round cell tumor; EFT, Ewing family
tumor; OS, osteogenic sarcoma; RMS, rhabdomyosarcoma.

(median, 2218 U), and in 12 Ewing family tumors (me-
dian, 1987 U) (Table 1).

CCND1 Transcript Levels of BM before and
after Treatment of 118 Stage 4 Patients Treated
with Immunotherapy Protocol 9418

This immunotherapy protocol used anti-GD2 monoclonal
antibody 3F8 plus GM-CSF in patients who had already
completed their induction chemotherapy. Marrows after
treatment for this analysis were sampled after the com-
pletion of two treatment cycles at a median of 2.5 months
from protocol entry. This represented generally the first
follow-up for these patients so that early molecular re-
sponse could be evaluated. Forty-eight percent (57 of
118) of pretreatment BMs were CCND1-positive with me-
dian transcript level of 15.7 U and an interquartile range
of 10.6 to 32.1. Fifty percent of BMs after treatment were
positive (median was 18.8, interquartile range of 10.5 to
60.8). Of these 118 stage 4 patients, 66 patients had
pretreatment BMs that were histology-negative; ie, their
marrows had no detectable NB by biopsy (two sites), by
aspirates (four sites), or both. Among these patients with
marrow MRD, 53% (35 of 66) were CCND1-positive.

Correlation between CCND1 Molecular
Response and Patient Survival

There were 81 progression events and 65 deaths in this
cohort of 118 stage 4 NB patients. Median follow-up for
survivors was 45 months and 47 months for progression-
free survival and overall survival, respectively. According
to molecular response, there were 24 CR, 33 refractory,
26 progressing, and 35 uninformative (progression-free
survival, Figure 1). CCND1 response was a statistically
significant predictor of progression-free survival and
overall survival (Table 2). A molecular response status of
refractory or progressing influenced patient outcome ad-
versely. There was also evidence that patients who were
CCND1-negative before and after treatment (ie, the un-
informative group) were likely to have NB that was below
detection.
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Figure 1. Kaplan-Meier plot of progression-free survival with respect to

cyclin D1 molecular response (P = 0.0001) among 118 patients with stage 4

NB treated with an immunotherapy protocol using anti-GD2 antibody 3F8

plus GM-CSF. Marrow response was defined in the Materials and Methods

section. Follow-up marrows were evaluated at 2.5 months from protocol
entry.

Of particular interest was the molecular response of
stage 4 patients with no histological evidence of marrow
disease before treatment, ie, patients with marrow MRD
(n = 66). Response assessed by CCND1 (P = 0.002)
was highly predictive of progression-free survival (Figure
2). Patients who were in molecular remission had greater
likelihood of remaining relapse-free. In contrast, the mar-
rows of most patients (61 of 66) after treatment continued
to have negative histology, even though 15 of them had
CCND1 response of CR, seven were refractory, and 17
were progressing. This finding reflected the relative in-
sensitivity of using histology to assess MRD.

Discussion

Targeting MRD in metastatic NB is critical for cure. At
present, there is a paucity of established molecular mark-
ers to detect subclinical disease. In addition to tyrosine
hydroxylase, GD2 synthase (B1,4-N-acetylgalactosami-
nyltransferase, GalNacT), the key enzyme for biosynthe-

Table 2. Association Between CCND1 Molecular Response
and Patient Survival Among 118 Stage 4
Neuroblastoma Patients

Hazard

Molecular response ratio 95% CI* P
Progression-free survival

CR Reference*

Progressing 4.35 1.95, 9.71 <0.0005

Refractory 2.76 1.27, 597 0.01

Uninformative 1.67 0.77, 3.62 0.2
Overall survival

CR Reference*

Progressing 5.44 2.18,13.56 <0.0005

Refractory 3.78 1.52, 9.42 0.004

Uninformative 2.30 0.90, 5.84 0.08

*Reference, CR was the reference group used for calculating the
hazard ratio and the 95% CI.
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Figure 2. Prognostic importance of molecular response using cyclin D1 (P =
0.002) among 66 stage 4 NB patients with histologically negative marrows
before treatment.

sis of GD2, the antigen highly and homogeneously ex-
pressed in NB, has been demonstrated to be a clinically
relevant MRD marker.?2-2* However, because of inherent
tumor heterogeneity, multiple markers are needed for the
detection of occult NB cells. The advent of real-time
quantitative RT-PCR further facilitates the highly sensitive
and specific measurement of gene transcripts. Neverthe-
less, a useful MRD marker must also demonstrate clinical
relevance in a well-defined cohort of patients accrued on
a clinical trial. The detection of a marker should be asso-
ciated with poor clinical outcome. The cohort of patient
samples reported here was chosen because 1) they were
all enrolled on a single phase Il protocol using monoclo-
nal antibody to treat MRD after chemotherapy; 2) accrual
was completed in 2003, and patients had at least 24
months of follow-up; 3) all patients underwent compre-
hensive disease workups before, and periodically during,
treatment and at follow-up; and 4) BM samples were
obtained before and after two cycles of antibody treat-
ment for MRD measurements. Thus, we were able to
evaluate CCND1 as a novel early response marker of
immunotherapy®® and found it to be highly correlated
with patient outcome.

At the time of the follow-up marrow studies for this
report, most of the patients (82%) had not shown any
signs of progressive disease, even though the disease
status at protocol entry (CR/VGPR, primary refractory,
secondary refractory, and progressive disease) may be
expected to predict outcome of the follow-up marrow. In
contrast, CCND1 level identified the different molecular
response groups. Among the patients who finally pro-
gressed at a median of 45 months from the beginning of
immunotherapy, disease progression was evident by ei-
ther BM histology, MIBG scan, or by CT/MRI. CCND1
molecular response evaluated much earlier in time (ie,
2.5 months after treatment) highly correlated with clinical
progression. Moreover, CCND1 had potentials as an MRD
marker among stage 4 patients who had histologically neg-
ative marrows before protocol entry. Thus, subclinical mar-

row disease detectable by CCND1 but not by histological
examination can have prognostic importance.

Up-regulation of CCND1 has been implicated in many
human cancers. Our laboratory identified this gene by
means of a marker discovery strategy using genome-
wide expression arrays with Affymetrix (Santa Clara, CA)
U95 chips A to E to identify genes differentially expressed
in tumors from 48 stage 4 patients over nine remission
BM, the site where MRD marker is important. Son and
colleagues®® also identified CCND1 as a legitimate target
for NB based on gene expression profiles of 158 normal
human samples from 19 different organs. Besides NB,
our results found high CCND1 expression in breast can-
cer and Ewing family tumors, suggesting this gene may
also have potential clinical utility for these cancers.
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