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Foreword

Sabine Sarnacki and Luca Pio have created a comprehensive text on neuroblastoma.
This is a timely submission. The roster of authors are all international experts on the
diagnosis and management of neuroblastoma. Drs. Sarnacki and Pio have compiled
a text that provides information extending from the epidemiology of this disease to
its imaging and, most importantly, the clinical management and surgery. This text
will provide the reader a single source of the most current knowledge on all aspects
of neuroblastoma. They are to be congratulated for this singular effort providing us
a veritable wealth of information on neuroblastoma. I believe it will serve as an
invaluable reference text for readers of all levels.

Robert C. Shamberger

Surgery, Boston Children’s Hospital
Harvard Medical School

Harvard, MA, USA

Robert E. Gross
Professor of Surgery
Harvard Medical School
Harvard, MA, USA

Chief of Surgery
Boston Children’s Hospital
Boston, MA, USA
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Epidemiology

Jacqueline Clavel, Brigitte Lacour, and Paula Rios

Neuroblastomas are rare diseases, and as such their surveillance requires specific
large-scale reliable population registries. We are more and more able to describe
neuroblastomas and other embryonal tumors all over the world, but information is
still insufficient and fragile in low-income countries, now prioritized in the interna-
tional strategies of cancer surveillance. Epidemiological research on risk factors,
also, is limited by the rarity of the disease and mostly relies on case—control studies,
that is, studies performed at the time of diagnosis, getting information by interview
and, in some countries, from databases like birth certificates. Lack of knowledge
about risk factors is important, and the international epidemiology consortiums are
currently strengthening their efforts on etiological research.

1.1 Descriptive Epidemiology

In the International classification of disease for oncology (ICD-O-3) [1], neuroblas-
tomas are classified into the two morphologic codes 95003 (neuroblastoma, the most
frequent) and 94903 (ganglioneuroblastoma, the best differentiated form of neuro-
blastoma). Both are grouped in the category IV (Tumors), subgroup IV.a (neuroblas-
tomas) of the International classification for childhood cancers (ICCC) [2].
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In this chapter, the epidemiological features of neuroblastomas are described
using the 20002013 data extracted from the French National Registry of Childhood
Cancer (RNCE) (http://rnce.inserm.fr). The RNCE registers 130—150 new cases of
neuroblastoma aged under 15 years every year.

1.1.1 Incidence and Epidemiological Features

The annual age-standardized incidence rate is around 14 cases per million of children
aged 0—14 years (Table 1.1). Neuroblastomas are mostly diagnosed before the age of
5 years (85%), and 40% occur in infancy. They are very uncommon after the age of
10 years. Annual incidence rates vary from 73 cases per million in infancy to 1 case
per million after the age of 10 years. Neuroblastomas are the most frequent tumors
diagnosed in neonates (<28 days). One out of ten cases of neuroblastomas is neonate.
Most of them (65%) are diagnosed before birth by routine ultrasonography.
According to ICD-O categories, 11% of the French cases are ganglioneuroblasto-
mas and 89% are neuroblastomas. Half of the tumors are located in the adrenal glands,
20% in other abdominal sites, 16% in mediastinum, and the remaining 15% are dis-
tributed in pelvis, cervical, or lumbar chains of the sympathetic nervous system.
Almost half of the cases have distant metastases at diagnosis. The proportion is
smaller in infants, but most of them (nearly a quarter of the cases under 1 year) are stage
48, a specific pattern of metastatic disease spread to skin, liver, and bone marrow.
Amplification of MYCN oncogene is present in less than 10% of infant neuro-
blastomas, but in more than 20% of neuroblastomas after the age of 1 year.
In France, incidence has remained stable since 2000, and no spatial heterogene-
ity has been observed. Increase in incidence has been reported for Europe as a whole
over the earlier period of 1978-1997 with an average change of 1.5% per year [3].

Table 1.1 Number of cases of neuroblastomas and annual incidence rates in France from 2000 to
2013, by age groups, according to MYCN status and tumoral extension

Age groups (years)

<1 14 15-9 10-14 Total
Incidence rate
IR (/million year) 73.1 222 4.0 1.1 12.5
ASR (/million year) 14.1
Mean annual numbers 55 67 15 4 141

39.0% 47.5% 10.6% 2.8% 100.0%
MYCN amplification
Amplified 7.2% 26.4% 16.6%
Nonamplified 78.1% 59.8% 67.8%
Unknown 14.7% 13.8% 15.6%
Tumoral extension
Nonmetastatic 61.7% 44.8% 49.1% 44.3% 51.8%
Metastatic not 4S 24.4% 54.9% 50.5% 55.7% 42.6%
Metastatic 4S 13.9% 0.2% 5.6%

IR incidence rate, ASR age standardized rate
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Table 1.2 Five-year overall survival by age groups, according to MYCN status and tumoral exten-

sion (France, 2000-2013)

5-year survival [95% CI]

<1 year old

>1 year old

Total

Total 90.3 [88.0-92.2] 66.0 [63.2-68.7] 75.3 [73.3-77.2]
MYCN

Amplified 40.0 [27.0-52.7] 44.1 [38.0-50.0] 43.3 [37.8-48.7]
Nonamplified 95.1 [93.1-96.6] 71.9 [68.4-75.2] 82.4 [80.2-84.4]
Unknown 89.4 [82.1-93.8] 71.7 [64.6-77.6] 78.1 [72.9-82.4]

Tumor extension

Nonmetastatic

96.5 [94.3-97.8]

89.7 [86.6-92.2]

93.0 [91.1-94.4]

Metastatic not 4S

71.3[61.4-79.1]

45.2 [41.2-49.2]

48.7 [44.9-52.4]

Metastatic 4S

84.6 [78.6-89.0]

48.6[19.2-73.0]

82.5 [76.5-87.1]

The highest incidence rates have been reported in countries with greater medical
surveillance such as western Europe, the USA, Canada, Japan, and Australia which
may reflect better diagnostic facilities [4]. Incidence rates reported by low- and
medium-resource countries are generally lower, which may reflect true risk factors,
as well as differences in diagnosis and registration practices [5, 6]. Racial differ-
ences have been suggested in previous periods. Nevertheless, annual incidence rate
in black children in the USA is now 10.2 per million for 2001-2010, closer to that
of white children, while very low rates are reported in the mostly black population
of Sub-Saharan Africa [6].

1.1.2 Survival

The overall survival rates in France are 92% at 1 year and 75% at 5 years after diag-
nosis (Table 1.2). Survival varies strongly with age, with best figures among infants.
MYCN amplification and metastases are associated with poor prognosis.

Treatment protocols have followed one another over the last 40 years to better
account for poor prognostic factors and to intensify the treatment of high-risk
groups [4, 7, 8]. However, recent data show a stagnation and even a significant fall
in survival for neuroblastoma in Central Europe [9] and the USA [10].

There are still survival disparities between countries, even within Europe [9]. A
S-year overall survival estimate of 59% was recently reported for Southern and
Eastern European countries [11]. Disparities could be, at least partly, attributed to
differences in detection or registration since more elaborate healthcare systems may
capture more low-risk cases, including, for example, spontaneously regressive cases.

1.2  Etiology

Because neuroblastoma is rare, literature on etiology is more limited than for leuke-
mia or brain tumors, and studies often lack power. The characteristics of the cells
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and the early onset suggest a role of genetic factors and perinatal exposures. In rare
cases, neuroblastoma can occur in a context of malformation syndromes (e.g.
Hirschsprung’s disease) or genetic diseases (e.g. neurofibromatosis type 1) and pre-
disposing constitutional mutations (e.g. NFI, ALK, or PHOXB). These factors are
addressed in Sect. 1.1.2. So far, genetic studies are still rare for low-risk low-
penetrance susceptibility alleles, and neither gene—environment interactions, nor
epigenetic effects of environment are covered yet.

1.2.1 Perinatal Characteristics

1.2.1.1 Gestational Age, Birth Weight, and Size for Gestational Age
Several case—control studies have analyzed the relationship between gestational
age, birth weight, and neuroblastoma, some of them based on maternal interview at
the time of diagnosis [12-16] and some using information from birth certificates
[17-22]. They are summarized in Table 1.3.

Table 1.3 Relative risk estimates for the association between neuroblastoma and birth
characteristics

Study Exposure Prevalence | Reference group ‘ OR [95% CI]
Interview-based case—control studies
US-Canada, <32 weeks 2% 37-42 weeks 1.9[0.7-4.4]
1992-1994 33-36 weeks 6% 0.5 [0.3-1.0]
504 cases >42 weeks 1% 0.9 [0.3-3.0]
<19years[121 1500 o 1% 2501-4000 g 2.6[0.7-10.3]
1500-2500 g 6% 1.1 [0.6-2.0]
4001-4499 g 11% 1.1 [0.7-1.7]
>4500 g 1% 1.4 [0.6-3.2]
Germany, <37 weeks 4% 37-42 weeks 2.5[1.3-4.6]
1988-1994, <2500 g 3% 2500-4000 g 2.4[1.2-4.7]
183 >4000 g 11% 1.3[0.8-2.2]
cases<15 years
[13]
Germany, SGA 11% AGA 1.2 [0.7-2.1]
1992-1994, LGA 8% 1.6 [0.9-2.7]
160 cases
<14 years [14]
Ttaly, <37 weeks 15% 38-42 weeks 0.8 [0.5-1.3]
1998-2001, >42 weeks 5% 0.8 [0.3-2.2]
207 cases <2500 g 6% 2500-4000 g 0.6 [0.2-1.6]
<ISyears 151 74000 8% 1.1[0.6-2.0]
France, <37 weeks 7% 37-39 weeks 1.2 [0.8-1.9]
2003— >42 weeks 2% 2500-400 g 0.4 [0.1-1.3]
2004/2010- <2500 g 6% AGA 1.2[0.9-1.7]
2011, >4000 g 9% 1.4 [0.9-2.2]
357 cases SGA 11% 1.4 [1.0-2.0]
<6 years [16] LGA 11% 1.5[1.1-2.2]
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Table 1.3 (continued)

Study ‘ Exposure Prevalence | Reference group ‘ OR [95% CI]

Record linkage studies

Norway, <37 weeks N/S 40-41 weeks 0.6 [0.2-2.0]

19672004, >42 weeks N/S 1.2[0.7-2.0]

<18 months <2500 g N/S 3000-3499 g 1.1[0.3-3.7)

<15 years [18]

518 months <37 weeks N/S 40-41 weeks 0.7 [0.2-2.8]
>42 weeks N/S 1.6 [0.8-3.0]
>4000 g N/S 3000-3499 g 0.9 [0.4-1.8]

US New- York <37 weeks 11% 37-42 weeks 0.4 [0.1-0.9]

state, 1976-1987 | >42 weeks 12% 0.3[0.1-0.7]

155 cases <2500 g 7% 3000-3499 0.9 [0.4-2.2]

<6years [17] '4000 ¢ 12% 120.6-2.2]

US Minnesota <37 weeks 9% >37 weeks 1.0 [0.6-1.8]

state, <2500 g 7% 25004000 g 1.210.6-2.3]

1976-2004, >4000 g 15% 1.1[0.7-1.7]

155 cases SGA 7% AGA 2.1 [1.14.0]

<14 years [19]

LGA 24% AGA 1.0 [0.7-1.5]

US California <37 weeks 12% 37-41 weeks 0.8 [0.6-1.2]

state, >42 weeks 11% 1.1[0.8-1.5]

1988-1997, <2500 g 5% 2500-3999 g 1.0 [0.6-1.6]

508 cases >4000 ¢ 12% 1.2 [0.9-1.7]

<5 years [21]
term/<2500 g 2% term/2500— 1.4 [0.6-3.0]
term/>4000 g 10% 3999 g 1.2[0.9-1.8]

US Washington <37 weeks 8% 37-42 weeks 0.6 [0.3-1.1]

state, >42 weeks 4% 1.2 [0.9-1.8]

1980-2004, <2500 g 5% 2500-3999 g 0.7 [0.4-1.5]

i‘;‘; e o | >4000¢ 13% 1210.9-1.8]

years [201 T a 9% AGA 0.9 [0.6-1.5]
LGA 10% 1.3 [0.8-1.9]

US New-York <38 weeks 14% 38-40 weeks 0.9 [0.7-1.2]

state, <2500 g 7% 2500-4500 g 1.5 [1.0-2.1]

1983-2001, >4500 g 2% 1.4 [0.7-2.5]

5?2 cases oy SGA 6% AGA 1.0 [0.5-1.9]

<10 years LGA 2% 1.1[0.8-1.6]

%E proportion of exposed, SGA small for gestational age, LGA large for gestational age, AGA
appropriate for gestational age, N/S not stated

Regarding gestational age, no pattern of a positive or inverse association has
emerged, despite homogeneous definitions. By contrast, a slight positive relationship is
observed with high birth weight, with an estimated increase of 20% in a meta-analysis
(pooled OR 1.2 [95% CI 1.0-1.4]) [24]. The relation seems less clear in the studies
based on interview than in those based on birth certificates, which suggest that a bias in
maternal recall or in study sampling is possible. Only six studies [14, 16, 19-22] con-
sidered birth weight for gestational age, and they did not show clearer associations.



8 J.Clavel et al.

1.2.2 Maternal Vitamin or Folic Acid Intake Around Pregnancy

Periconceptional folic acid supplementation has been shown to reduce the risk of
neural tube defects by almost three-quarters [25]. It was therefore hypothesized that
the risk of neuroblastoma could also be reduced by maternal folic acid supplemen-
tation before conception and in the first trimester of pregnancy. Five studies [16, 23,
26-28] have investigated the association between vitamin/folic acid supplementa-
tion during pregnancy and neuroblastoma, four [16, 23, 26, 27] of which reporting
an inverse association with supplementation during preconception or during preg-
nancy, based on maternal interview.

1.2.3 Breastfeeding

Breastfeeding was reported to reduce risk of neuroblastoma in the COG North-
American study (0.6 [0.5-0.9]) [29] and in the French study (0.7 [0.5-1.0]) [16],
with no trend with increasing breastfeeding duration. Two other studies [24, 30]
based in less than 50 cases did not report significant associations.

1.2.4 Congenital Malformations

Nine studies which investigated the link between congenital malformations and neu-
roblastoma reported positive associations (Table 1.4). Detailed analyses are limited by
small numbers, given the rarity of both congenital malformations and neuroblasto-
mas. The associations with malformations, taken as a whole, are consistently reported
by interview-based studies and by studies based on birth certificates. Two studies sug-
gest that the association could be limited to children under 18 months [16, 18].

1.2.5 Parental Smoking and Alcohol Consumption

Overall, literature suggests that maternal tobacco smoking is associated with a
slight increase in risk of neuroblastoma (Table 1.5), as suggested by two recent
meta-analysis [43, 44]. Fewer studies report data on paternal smoking, and no con-
sistent pattern is observed to date. Findings on maternal alcohol drinking are also
heterogeneous.

1.2.6 Pesticides Exposures
Exposures to pesticides have been the most investigated environmental exposures,

and published papers are summarized in Table 1.6. Maternal occupational expo-
sures during pregnancy were addressed by five case—control studies, and all but one
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Table 1.4 Relative risk estimates for the association between congenital malformations and risk

of neuroblastoma
RR [95%
Study Exposure %E | CI]
Interview-based case—control studies
US and Canada, Any malformation (ICD-10) 5.0% |2.5
19921994, [1.6-4.2]
538 cases <19 years [31] Major malformation 1.0% 7.5
[2.2-25.5]
Italy, 1998-2001, N/S 1.3% |4.9
207 cases <15 years [15] Major malformations (ICD-10) 2.5% |[1.8-13.6]
France, 2003-2004 3.6
357 cases <6 years [16] [1.3-8.9]
<18 months 0.8
>18 months [0.3-2.3]
Record linkage studies
England, Scotland, and Spina bifida (ICD-10) N/S | 1.4 (ns)
Wales, 1971-1986, Cardiac septal defects (ICD-10) N/S | 1.5 (ns)
1208 cases <15 years [32] | Genitourinary (ICD-10) N/S | 1.5 (ns)
Spine malformations (ICD-10) N/S 1.7 (ns)
Canada, 1977-1993 Any malformation (ICD-9) N/S | p<0.001
141 cases <15 years [33]
Norway, 1978-1997, N/S N/S |37
<18 months [1.7-8.0]
178 cases<15 years [18] N/S 107
>18 months [0.1-4.7]
Australia, 1984-1993, Any malformation (ICD-9, British 2.5% |79
52 cases <15 years [34] Paediatric Association modification) [3.3-18.8]
US, Washington state, Any malformation 4.8% |2.1
1980-2004, Major malformations [1.3-3.4]
240 cases <20 years [20] 0.6% 6.7
[2.9-16.1]
US, California state, Nonchromosomal malformations 14% 1.0
1988-1997 <5 years [0.4-2.7]
508 cases <5 years [21] 5% 1.6
<l year [0.8-3.3]
US Washington state, 19
1984-2013 [1.3-2.8]

327 cases <20 years [35]

%E proportion of exposed, CI confidence interval, N/S not specified, RR relative risk estimate
(odds ratio or standardized incidence ratio)

reported increased risk of neuroblastoma with farming or pesticides use. Two
cohorts and seven case—control studies investigated paternal exposure with incon-
sistent results, as summarized by a meta-analysis showing no association with neu-

roblastoma [53].

Increased risk of neuroblastoma was associated to self-reported use of household
pesticides before or after birth [13, 51, 52].
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Table 1.6 Relative risk estimates for the association between parental pesticides exposures and

neuroblastoma
%E
Study Exposure Parent Period (controls) | RR [95% CI]
Parental occupational exposures—cohorts
Norway, Field vegetable | Any Any time N/S 2.5[1.0-6.1]
1952-1991, farming parent Any time
27 cases [45] (agricultural
census)
US, 1993-1997, Farming Any N/S 1.3[0.4-3.9]
3 cases [46] parent
Parental occupational exposures—case—control studies
US Greater Farming Any Pregnancy N/S 0.7 [0.1-5.8]
Philadelphia area, parent Preconception | N/S 3.5[0.7-35]
1970-1979, 104
cases [47]
US and Canada, Farming Maternal | Any time N/S 2.2 [0.6-8.8]
1992-1996, Paternal | Any time N/S 0.9 [0.4-1.8]
504 cases [48]
US New-York Field vegetable | Maternal | Pregnancy N/S 0.8 [0.2-3.2]
state, 1976-1987, | farming Paternal | Pregnancy N/S 1.0 [0.2-3.9]
183 cases [49] Insecticides use | Maternal | Pregnancy N/S 0.8 [0.2-3.2]
Paternal | Pregnancy N/S 2.3[1.4-3.7]
Germany, Farming Maternal | After birth 3% 1.2[0.4-3.7]
1988-1994, Any occupational Maternal | Any time 1% 5.1[1.1-23.4]
183 cases [13] use Paternal | Any time 4% 1.8 [0.8-3.7]
Great Britain, Agriculture Paternal | Pregnancy 2% 0.9 [0.6-1.3]
1962-1999, Agrochemical | Paternal | Pregnancy 3% 1.0 [0.7-1.4]
2920 cases [50] industry
Parental nonoccupational exposures—case—control studies
US and Canada, Household use | Both Ever 31% 1.6 [1.0-2.3]
1992-1994, parents | Preconception- | 18% 1.3[0.8-3.3]
390 cases [5 1] pregnancy
After birth 18% 1.410.9-2.2]
Garden Both Ever 22% 1.7[0.9-2.1]
parents Preconception- | 13% 1.310.8-2.0]
pregnancy
After birth 12% 1.8 [1.0-3.1]
Germany, Household insecticides use | After birth 6% 1.8 [0.9-3.4]
1988-1993, Garden After birth 10% 0.9 [0.5-1.6]
183 cases [13] pesticides
France, 2003- Household use Pregnancy 30% 1.5 [1.0-2.1]
2004; 2010-2011 | Insecticides use Pregnancy 28% 1.4 [0.9-2.0]

357 cases [52]

RR [95%CI] RR estimated (Standardized incidence ratio or odds ratio) and its 95% confidence
interval, N/S not stated
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1.2.7 Other Factors

Associations with maternal medication use, perinatal infections, parental occupa-
tional exposures to magnetic fields, hydrocarbons, or other chemicals [46, 48—50],
or residential exposure to air pollutants have been investigated reported, and no
consistent pattern has emerged yet [54, 55].

References

10.

11.

12.

13.

. Trott PA. International classification of diseases for oncology. J Clin Pathol. 1977;30:782.

http://codes.iarc.fr/. Accessed 14 Feb 2019.

. Steliarova-Foucher E, Stiller C, Lacour B, Kaatsch P. International classification of childhood

cancer, third edition. Cancer. 2005;103:1457-67. https://doi.org/10.1002/cncr.20910.

. Spix C, Pastore G, Sankila R, et al. Neuroblastoma incidence and survival in European chil-

dren (1978-1997): report from the Automated Childhood Cancer Information System project.
Eur J Cancer. 2006;42:2081-91. https://doi.org/10.1016/j.ejca.2006.05.008.

. Berthold F, Spix C, Kaatsch P, Lampert F. Incidence, survival, and treatment of localized and

metastatic neuroblastoma in Germany 1979-2015. Pediatr Drugs. 2017;19:577-93. https://doi.
org/10.1007/s40272-017-0251-3.

. Kamihara J, Ma C, Fuentes Alabi SL, et al. Socioeconomic status and global variations in

the incidence of neuroblastoma: call for support of population-based cancer registries in low-
middle—-income countries. Pediatr Blood Cancer. 2017;64:321-3. https://doi.org/10.1002/
pbc.26244.

. Steliarova-Foucher E, Colombet M, Ries LAG, et al. International incidence of childhood

cancer, 2001-10: a population-based registry study. Lancet Oncol. 2017;18:719-31. https://
doi.org/10.1016/S1470-2045(17)30186-9.

. Haupt R, Garaventa A, Gambini C, et al. Improved survival of children with neuroblas-

toma between 1979 and 2005: a report of the Italian neuroblastoma registry. J Clin Oncol.
2010;28:2331-8. https://doi.org/10.1200/JC0O.2009.24.8351.

. Moroz V, Machin D, Faldum A, et al. Changes over three decades in outcome and the prog-

nostic influence of age-at-diagnosis in young patients with neuroblastoma: a report from the
International Neuroblastoma Risk Group project. Eur J Cancer. 2011;47:561-71. https://doi.
org/10.1016/j.ejca.2010.10.022.

. Gatta G, Botta L, Rossi S, et al. Childhood cancer survival in Europe 1999-2007: results

of EUROCARE-5-a population-based study. Lancet Oncol. 2014;15:35-47. https://doi.
org/10.1016/S1470-2045(13)70548-5.

Coughlan D, Gianferante M, Lynch CF, et al. Treatment and survival of childhood neuroblas-
toma: evidence from a population-based study in the United States. Pediatr Hematol Oncol.
2017;34:320-30. https://doi.org/10.1080/08880018.2017.1373315.

Panagopoulou P, Bouka E, Georgakis MK, et al. Persisting inequalities in survival patterns of
childhood neuroblastoma in Southern and Eastern Europe and the effect of socio-economic
development compared with those of the US. Eur J Cancer. 2018;96:44-53. https://doi.
org/10.1016/j.ejca.2018.03.003.

Hamrick SEG, Olshan AF, Neglia JP, Pollock BH. Association of pregnancy history and
birth characteristics with neuroblastoma: a report from the Children’s Cancer Group and
the Pediatric Oncology Group. Paediatr Perinat Epidemiol. 2001;15:328-37. https://doi.
org/10.1111/5.1365-3016.2001.0376a.x.

Schiiz J, Kaletsch U, Meinert R, et al. Risk factors for neuroblastoma at different stages of
disease. Results from a population-based case-control study in Germany. J Clin Epidemiol.
2001;54:702-9. https://doi.org/10.1016/S0895-4356(00)00339-5.


http://codes.iarc.fr/
https://doi.org/10.1002/cncr.20910
https://doi.org/10.1016/j.ejca.2006.05.008
https://doi.org/10.1007/s40272-017-0251-3
https://doi.org/10.1007/s40272-017-0251-3
https://doi.org/10.1002/pbc.26244
https://doi.org/10.1002/pbc.26244
https://doi.org/10.1016/S1470-2045(17)30186-9
https://doi.org/10.1016/S1470-2045(17)30186-9
https://doi.org/10.1200/JCO.2009.24.8351
https://doi.org/10.1016/j.ejca.2010.10.022
https://doi.org/10.1016/j.ejca.2010.10.022
https://doi.org/10.1016/S1470-2045(13)70548-5
https://doi.org/10.1016/S1470-2045(13)70548-5
https://doi.org/10.1080/08880018.2017.1373315
https://doi.org/10.1016/j.ejca.2018.03.003
https://doi.org/10.1016/j.ejca.2018.03.003
https://doi.org/10.1111/j.1365-3016.2001.0376a.x
https://doi.org/10.1111/j.1365-3016.2001.0376a.x
https://doi.org/10.1016/S0895-4356(00)00339-5

J.Clavel et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Schiiz J, Forman MR. Birthweight by gestational age and childhood cancer. Cancer Causes
Control. 2007;18:655-63. https://doi.org/10.1007/s10552-007-9011-y.

Parodi S, Merlo DF, Ranucci A, et al. Risk of neuroblastoma, maternal characteristics and
perinatal exposures: the SETIL study. Cancer Epidemiol. 2014;38:686-94. https://doi.
org/10.1016/j.canep.2014.09.007.

Rios P, Bailey HD, Orsi L, et al. Risk of neuroblastoma, birth-related characteristics, congeni-
tal malformations and perinatal exposures: a pooled analysis of the ESCALE and ESTELLE
French studies (SFCE). Int J Cancer. 2016;139:1936-48. https://doi.org/10.1002/ijc.30239.
Buck GM, et al. Perinatal factors and risk of neuroblastoma. Paediatr Perinat Epidemiol.
2001;15:47-53. https://doi.org/10.1046/j.1365-3016.2001.00307 .x.

Bjgrge T, Engeland A, Tretli S, Heuch 1. Birth and parental characteristics and risk of neuro-
blastoma in a population-based Norwegian cohort study. Br J Cancer. 2008;99:1165-9. https://
doi.org/10.1038/sj.bjc.6604646.

Johnson KJ, Puumala SE, Soler JT, Spector LG. Perinatal characteristics and risk of neuroblas-
toma. Int J Cancer. 2008;123:1166-72. https://doi.org/10.1002/ijc.23645.

Chow EJ, Friedman DL, Mueller BA. Maternal and perinatal characteristics in relation to
neuroblastoma. Cancer. 2007;109:983-92. https://doi.org/10.1002/cncr.22486.

Urayama KY, Von Behren J, Reynolds P. Birth characteristics and risk of neuroblastoma in
young children. Am J Epidemiol. 2007;165:486-95. https://doi.org/10.1093/aje/kwk041.
McLaughlin CC, Baptiste MS, Schymura MJ, et al. Perinatal risk factors for neuroblastoma.
Cancer Causes Control. 2009;20:289-301. https://doi.org/10.1007/s10552-008-9243-5.

Buck BM, Michalek M, Chen C, Nasca N, Baptiste B. Perinatal factors and risk of neuroblas-
toma. Paediatr Perinat Epidemiol. 2001;15(1):47-53.

Harder T, Plagemann A, Harder A. Birth weight and risk of neuroblastoma: a meta-analysis.
Int J Epidemiol. 2010;39:746-56. https://doi.org/10.1093/ije/dyq040.

De-Regil LM, Pena-Rosas JP, Ferndndez-Gaxiola AC, Rayco-Solon P. Effects and safety of
periconceptional oral folate supplementation for preventing birth defects. Cochrane Database
Syst Rev. 2015;(12):CD007950.

French AE, Grant R, Weitzman S, et al. Folic acid food fortification is associated with a
decline in neuroblastoma. Clin Pharmacol Ther. 2003;74:288-94. https://doi.org/10.1016/
S0009-9236(03)00200-5.

Olshan AF, Smith JC, Bondy ML, et al. Maternal vitamin use and reduced risk of neuroblas-
toma. Epidemiology. 2002;13:575-80. https://doi.org/10.1097/00001648-200209000-00014.
Mortensen JHS, @yen N, Fomina T, et al. Supplemental folic acid in pregnancy and childhood
cancer risk. Br J Cancer. 2016;114:71-5. https://doi.org/10.1038/bjc.2015.446.

Daniels JL, Olshan AF, Pollock BH, et al. Breast-feeding and neuroblastoma, USA and
Canada. Cancer Causes Control. 2002;13:401-5. https://doi.org/10.1023/A:1015746701922.
Smulevich VB, Solionova LG, Belyakova SV. Parental occupation and other factors and cancer
risk in children: I. Study methodology and non-occupational factors. IntJ Cancer. 1999;83:712—
7. https://doi.org/10.1002/(SICI)1097-0215(19991210)83:6<712::AID-1JC2>3.0.CO;2-D.
Menegaux F, Olshan AF, Reitnauer PJ, et al. Positive association between congenital anomalies and
risk of neuroblastoma. Pediatr Blood Cancer. 2005;45:649-55. https://doi.org/10.1002/pbc.20263.
Narod SA, Hawkins MM, Robertson CM, Stiller CA. Congenital anomalies and childhood
cancer in Great Britain. Am J Hum Genet. 1997;60:474-85.

Foulkes WD, Buu PN, Filiatrault D, et al. Excess of congenital abnormali-
ties in French-Canadian children with neuroblastoma: a case series study
from montreal. Med Pediatr Oncol. 1997;29:272-9. https://doi.org/10.1002/
(SICD)1096-911X(199710)29:4<272::AID-MPO7>3.0.CO;2-J.

Altmann AE, Halliday JL, Giles GG. Associations between congenital malformations and
childhood cancer. A register-based case-control study. Br J Cancer. 1998;78:1244-9. https://
doi.org/10.1038/bjc.1998.662.

Norwood MS, Lupo PJ, Chow EJ, et al. Childhood cancer risk in those with chromosomal
and non-chromosomal congenital anomalies in Washington State: 1984-2013. PLoS One.
2017;12:e0179006. https://doi.org/10.1371/journal.pone.0179006.


https://doi.org/10.1007/s10552-007-9011-y
https://doi.org/10.1016/j.canep.2014.09.007
https://doi.org/10.1016/j.canep.2014.09.007
https://doi.org/10.1002/ijc.30239
https://doi.org/10.1046/j.1365-3016.2001.00307.x
https://doi.org/10.1038/sj.bjc.6604646
https://doi.org/10.1038/sj.bjc.6604646
https://doi.org/10.1002/ijc.23645
https://doi.org/10.1002/cncr.22486
https://doi.org/10.1093/aje/kwk041
https://doi.org/10.1007/s10552-008-9243-5
https://doi.org/10.1093/ije/dyq040
https://doi.org/10.1016/S0009-9236(03)00200-5
https://doi.org/10.1016/S0009-9236(03)00200-5
https://doi.org/10.1097/00001648-200209000-00014
https://doi.org/10.1038/bjc.2015.446
https://doi.org/10.1023/A:1015746701922
https://doi.org/10.1002/(SICI)1097-0215(19991210)83:6<712::AID-IJC2>3.0.CO;2-D
https://doi.org/10.1002/pbc.20263
https://doi.org/10.1002/(SICI)1096-911X(199710)29:4<272::AID-MPO7>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1096-911X(199710)29:4<272::AID-MPO7>3.0.CO;2-J
https://doi.org/10.1038/bjc.1998.662
https://doi.org/10.1038/bjc.1998.662
https://doi.org/10.1371/journal.pone.0179006

Epidemiology 15

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Stavrou EP, Baker DF, Bishop JF. Maternal smoking during pregnancy and childhood cancer
in New South Wales: a record linkage investigation. Cancer Causes Control. 2009;20:1551-8.
https://doi.org/10.1007/s10552-009-9400-5.

Heck JE, Contreras ZA, Park AS, et al. Smoking in pregnancy and risk of cancer among young chil-
dren: a population-based study. Int J Cancer. 2016;139:613-6. https://doi.org/10.1002/ijc.30111.
Kramer S, Ward E, Meadows AT, Malone KE. Medical and drug risk factors associated with
neuroblastoma: a case-control study. J Natl Cancer Inst. 1987;78:797-804.

Sorahan T, Lancashire R, Prior P, et al. Childhood cancer and parental use of alcohol and
tobacco. Ann Epidemiol. 2002;5:354-9. https://doi.org/10.1016/1047-2797(95)00032-3.
Schwartzbaum JA. Influence of the mother’s prenatal drug consumption on risk of neuroblas-
toma in the child. Am J Epidemiol. 1992;135:1358-67. https://doi.org/10.1093/0xfordjourn-
als.aje.al16247.

Pang D, McNally R, Birch JM. Parental smoking and childhood cancer: results from the United
Kingdom Childhood Cancer Study. Br J Cancer. 2003;88:373-81. https://doi.org/10.1038/
$j.bjc.6600774.

Yang Q, Olshan AF, Bondy ML, et al. Parental smoking and alcohol consumption and risk of
neuroblastoma. Cancer Epidemiol Biomarkers Prev. 2000;9:967-72.

Rios P, Bailey HD, Poulalhon C, et al. Parental smoking, maternal alcohol consumption during
pregnancy and the risk of neuroblastoma in children. A pooled analysis of the ESCALE and
ESTELLE French studies. Int J Cancer. 2019; https://doi.org/10.1002/ijc.32161.
Miiller-Schulte E, Kurlemann G, Harder A. Tobacco, alcohol and illicit drugs during preg-
nancy and risk of neuroblastoma: systematic review. Arch Dis Child Fetal Neonatal Ed.
2018;103:F467-73. https://doi.org/10.1136/archdischild-2017-313615.

Kristensen P, Andersen A, Irgens LM, et al. Cancer in offspring of par-
ents engaged in agricultural activities in Norway: incidence and risk factors in
the farm environment. Int J Cancer. 1996;65:39-50. https://doi.org/10.1002/
(SICI)1097-0215(19960103)65:1<39::AID-1JC8>3.0.CO;2-2.

Flower KB, Knott C, Shore DL, et al. Cancer risk and parental pesticide application in children
of Agricultural Health Study participants. Environ Health Perspect. 2003;112:631-5. https://
doi.org/10.1289/ehp.6586.

Bunin GR, Ward E, Kramer S, et al. Neuroblastoma and parental occupation. Am J Epidemiol.
1990;131:776-80.

Olshan AF, De Roos AJ, Teschke K, et al. Neuroblastoma and parental occupation. Cancer
Causes Control. 1990;10:776-80.

Kerr MA, Nasca PC, Mundt KA, et al. Parental occupational exposures and risk of neuroblas-
toma: a case-control study (United States). Cancer Causes Control. 2000;11:635-43. https://
doi.org/10.1023/A:1008951632482.

MacCarthy A, Bunch KJ, Fear NT, et al. Paternal occupation and neuroblastoma: a case-control
study based on cancer registry data for Great Britain 1962-1999. Br J Cancer. 2010;102:615-9.
https://doi.org/10.1038/sj.bjc.6605504.

Daniels JL, Olshan AF, Teschke K, et al. Residential pesticide exposure and neuroblastoma.
Epidemiology. 2001;12:20-7. https://doi.org/10.1097/00001648-200101000-00005.

Rios P, Bailey HD, Lacour B, et al. Maternal use of household pesticides during pregnancy
and risk of neuroblastoma in offspring. A pooled analysis of the ESTELLE and ESCALE
French studies (SFCE). Cancer Causes Control. 2017;28:1125-32. https://doi.org/10.1007/
$10552-017-0944-5.

Moore A, Enquobahrie DA. Paternal occupational exposure to pesticides and risk of neuro-
blastoma among children: a meta-analysis. Cancer Causes Control. 2011;22:1529-36. https://
doi.org/10.1007/s10552-011-9829-1.

Heck JE, Park AS, Qiu J, et al. An exploratory study of ambient air toxics exposure in preg-
nancy and the risk of neuroblastoma in offspring. Environ Res. 2013;127:1-6. https://doi.
org/10.1016/j.envres.2013.09.002.

Kumar SV, Lupo PJ, Pompeii LA, Danysh HE. Maternal residential proximity to major
roadways and pediatric embryonal tumors in offspring. Int J Environ Res Public Health.
2018;15:eE505. https://doi.org/10.3390/ijerph15030505.


https://doi.org/10.1007/s10552-009-9400-5
https://doi.org/10.1002/ijc.30111
https://doi.org/10.1016/1047-2797(95)00032-3
https://doi.org/10.1093/oxfordjournals.aje.a116247
https://doi.org/10.1093/oxfordjournals.aje.a116247
https://doi.org/10.1038/sj.bjc.6600774
https://doi.org/10.1038/sj.bjc.6600774
https://doi.org/10.1002/ijc.32161
https://doi.org/10.1136/archdischild-2017-313615
https://doi.org/10.1002/(SICI)1097-0215(19960103)65:1<39::AID-IJC8>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0215(19960103)65:1<39::AID-IJC8>3.0.CO;2-2
https://doi.org/10.1289/ehp.6586
https://doi.org/10.1289/ehp.6586
https://doi.org/10.1023/A:1008951632482
https://doi.org/10.1023/A:1008951632482
https://doi.org/10.1038/sj.bjc.6605504
https://doi.org/10.1097/00001648-200101000-00005
https://doi.org/10.1007/s10552-017-0944-5
https://doi.org/10.1007/s10552-017-0944-5
https://doi.org/10.1007/s10552-011-9829-1
https://doi.org/10.1007/s10552-011-9829-1
https://doi.org/10.1016/j.envres.2013.09.002
https://doi.org/10.1016/j.envres.2013.09.002
https://doi.org/10.3390/ijerph15030505

®

Check for
updates

Biology of Neuroblastoma 2

Gudrun Schleiermacher

2.1 Introduction

To date, the precise etiology of neuroblastoma is unknown, and unlike many adult
malignancies, environmental factors are not thought to play a major role, although
predisposing effects of prenatal exposures to potentially toxic substances warrant
further investigation. However, genetic factors, both at constitutional and somatic
levels, are thought to play a major role in neuroblastoma development [1].

2.2  Hereditary Genetic Factors

Several observations corroborate the hypothesis of a role of underlying hereditary
genetic factors in the etiology of neuroblastoma.

First, although rare and representing less than 1% of all cases [2], familial neu-
roblastomas have been described. Mutations of gain of function in the tyrosine
kinase domain of the ALK anaplastic lymphoma kinase gene have been detected in
the majority of familial cases [3, 4]. This is thought to be associated with an
autosomal-dominant pattern of inheritance with incomplete penetrance.

Second, neuroblastoma can appear in association with different clinical syn-
dromes. Neural crest-related developmental disorders associated with an increased
risk of developing neuroblastoma have been linked to inactivating mutations in the
PHOX2B gene, a major regulator of neural crest development, identified as the first
neuroblastoma predisposition mutation [5, 6]. While expansions of the second
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polyalanine sequence of PHOX2B are mainly observed in patients with a curse of
Ondine (also called CCHS, Congenital Central Hypoventilation Syndrome) associ-
ated with a low risk of peripheral neuroblastic tumors, non-expansive mutations
with Hirschsprung’s disease are associated with a higher risk of developing neuro-
blastoma. Other associations between neuroblastic tumors and cancer susceptibility
syndromes include neurofibromatosis type 1 (NF1) [7], characterized by constitu-
tive activation of the RAS-MAPK pathway, as well as Noonan syndrome with
PTPN11 gene involvement.

Third, genome-wide association studies have shown that peripheral neuroblastic
tumors may occur in the context of underlying genetic factors, as it has been dem-
onstrated that different polymorphic alleles, localized at different genome loci,
influence oncogenesis [8—13]. Of a weak individual impact on the initiation of the
disease (with a relative risk of 1.5-2.0 compared to the global population), these
polymorphic alleles can cooperate in an individual patient to promote malignant
transformation during neurological development, and some genes targeted by these
polymorphic alleles play a role in the pathogenesis of neuroblastoma, including
BARDI1, LMO1, DUSP12, DDX4, HACEI, and LIN28B. The polymorphic alleles
described show a correlation with high-risk or low-risk disease, indicating that
favorable and unfavorable forms of neuroblastoma may represent distinct entities in
terms of genetic events that initiate tumorigenesis.

In addition, rare cases with various aberrant constitutional karyotypes have been
described in patients with neuroblastoma, including constitutional copy-number
abnormalities, balanced and unbalanced translocations, and specific chromosomal
deletions, including deletions of chromosome 1p [14]. In total, there are probably as
yet undiscovered additional genes that predispose to neuroblastoma when they are
altered in the germline. It is important to note that, to date, there are no clinically
validated guidelines for determining who should be screened for germline muta-
tions, nor how to monitor patients or families with known susceptibility alleles.

2.2.1 Somatic Genetic Alterations

2.2.1.1 Copy-Number Alterations

With only 1-2% of neuroblastomas occurring in a familial context or predisposition,
over 98% of all cases occur sporadically. A large number of recurrent somatic genetic
alterations have been found in neuroblastoma, the most common being quantitative
genomic alterations with gains or losses in genetic material. These genetic abnor-
malities are related to distinct biological and clinical subgroups of the disease.

The amplification of the oncogene MYCN, located at chromosome 2p24.1, is
observed in about 25% of neuroblastomas and 40% of high-risk tumors [15]. It
remains one of the most important genetic alterations associated with advanced
stages of disease, with an aggressive phenotype and poor survival [1]. It is the first
genetic marker used in clinical practice for risk stratification and treatment adapta-
tion [16]. Closely associated with poor survival in patients with localized disease
and in infants, its prognostic impact in metastatic disease of older children with an
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overall poor outcome is less clear [16, 17]. At a cytogenetic level, amplification of
the MYCN oncogene occurs either as double-minute chromosomes (DM) or homo-
geneously staining regions (HSR), which contain between 10 and over 100 ectopic
copies of the MYCN oncogene. The oncogenic role of MYCN has been clearly dem-
onstrated as its ectopic expression in the neural crest is sufficient to drive neuroblas-
toma tumorigenesis in zebrafish and mice models [18]. Its oncogenic role is based
on an enhancement of the expression of genes involved in cell proliferation, and on
the repression of genes involved in differentiation and apoptosis [19].

Other recurrent amplifications concern the ALK gene on chromosome 2p23, as
well as amplicons of chromosome 12q13-14 encompassing, among others, the
MDM?2 and CDK4 genes [20]. Recent data indicate that NB with focal amplifica-
tions other than MYCN might present with atypical clinical features and a poorer
outcome [21].

Other recurrent structural alterations recurrently observed in neuroblastoma con-
cern segmental chromosome alterations (SCA) corresponding to unbalanced chro-
mosome translocations, including deletions of chromosome arms 1p, 3p, 4p, and
11q, and gains of 1q, 2p, or 17q. Although several recurrently altered chromosome
regions have been identified, chromosome breakpoints are not recurrent but lie scat-
tered over wide genomic regions. Deletion of 1p36 is observed in 20-35% of cases
and is associated with poor survival in multivariate analyses as well as with aggres-
sive disease markers [22, 23]. Deletions of 11q in a consensus region at 11q23 occur
in approximately 40% of cases and are inversely correlated with MYCN amplifica-
tion, identifying a molecularly distinct high-risk patient subset, characterized by
advanced stage, older age, as well as a higher genomic instability with a higher
number of chromosome breakpoints [24, 25]. Gains of chromosome 17q21-qter
represent the most frequent genetic alteration in neuroblastoma, occurring in 70%
of tumors. Numerous studies have reported that 17q gain is significantly associated
with advanced stage of disease, increased patient age, MYCN amplification, as well
as other unfavorable genetic parameters [26].

Although intense decade-long research has focused on the identification of hypo-
thetical tumor-suppressor genes or oncogenes in recurrently altered regions of chro-
mosome loss or gain, the smallest regions of overlap remain quite extensive and to
date do not point to single-gene candidates as tumor suppressors or oncogenes,
suggesting that an overall imbalance of copy-number regions is of importance in
neuroblastoma oncogenesis.

Although the individual segmental chromosome alterations have been shown to
correlate with outcome, importantly, the overall genomic profile has been shown to
be of prognostic impact in neuroblastoma [27-30]. Whereas an overall genomic
copy-number profile characterized by numerical chromosome alterations, consist-
ing of gains or losses of whole chromosomes, is associated with a favorable out-
come, segmental chromosome alterations of any chromosome region, without or
with numerical chromosome alterations, are associated with advanced stage of dis-
ease, with an increased age at diagnosis and, importantly, a higher risk of relapse in
multivariate analyses [27, 28, 31]. In addition to the determination of MYCN ampli-
fications status, the overall genomic copy-number profile determined by array



20 G. Schleiermacher

comparative genomic hybridization (CGH) or single nucleotide polymorphism
(SNP) array is now considered part of routine work up in particular in low- and
intermediate-risk neuroblastoma and might be used for treatment stratification
within prospective clinical protocols [1].

Higher-resolution copy-number analyses have also revealed smaller recurrent
interstitial events. Indeed, SNP arrays have identified alterations on chromosome
9p, with homo- or hemizygous deletions encompassing the CDKN2A gene [32].
Other sporadic copy-number alterations include focal TERT gains [33] and micro-
deletions encompassing the PTPRD gene [34].

More complex rearrangements resulting from chromothripsis, corresponding to
massive genomic rearrangements acquired in a single catastrophic event, have been
described in neuroblastoma, but their association with other genomic and clinical
subtypes remains to be determined [35, 36].

2.2.1.2 Single-Gene Mutations

Recent next-generation sequencing approaches have indicated that most neuroblas-
tomas harbor only few mutations, with an average of 10-20 predicted non-
synonymous variations in coding regions per genome, indicating an exonic mutation
frequency of 0.2-0.4 per Mb. [35, 37-39] The frequency of somatic events strongly
correlates with tumor stage, higher-stage tumors harboring a higher number of
mutations.

The most frequent recurrent somatic mutation in neuroblastoma concerns the
gene ALK (anaplastic lymphoma kinase), with mutations activating the tyrosine
kinase domain in approximately 10% of all cases at diagnosis. [3, 4] The somatic
ALK-1174 mutation appears to contribute to a more aggressive phenotype, but
unlike ALK-1275 mutations, these specific mutations are not found in familial neu-
roblastoma, suggesting that they are not tolerated in the germline [40, 41]. The
oncogenic role of activating ALK mutations in neuroblastoma has been demon-
strated in vitro and in vivo in both zebrafish and mouse models, with coexpression
of ALK-F1174L and MYCN producing a synergistic effect for neuroblastoma
tumorigenesis in mice. New-generation small-molecule inhibitors targeting the acti-
vated kinase domain of ALK are now available, making this a promising target for
molecular therapy, possibly in combination therapies, but still requiring more spe-
cific development [40, 42, 43].

Other recurrent mutations in neuroblastoma target distinct cellular pathways and
include PTPN11 mutations (in 3% of cases), as well as genes involved in cytoskele-
ton maintenance, neuritogenesis, and other regulators of the RAC/Rho pathway [35].

Interestingly, genes involved in chromatin remodeling have been found to be
targeted in a significant number of cases, either by mutations or by structural varia-
tions, including mutations in the ARID1A/ARID1B genes [38]. Somatic alterations
of ATRX, consisting either of mutations or small interstitial deletions, are associ-
ated with an increase in telomere length and with an absence of the ATRX protein
in the nucleus. ATRX alterations appear to be more frequent in older children and
occur in mutually exclusive fashion with MYCN amplifications [39]. ATRX muta-
tions are associated with activation of a telomere maintenance mechanism termed
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alternate lengthening of telomeres (ALT), which may be associated with primary
chemotherapy resistance.

Recurrent genomic rearrangements of the promoter region of the telomerase
reverse transcriptase (TERT) gene on chromosome 5p15.33 have been described in
>10% of neuroblastoma cases, with structural rearrangements of TERT resulting
from chromothripsis in some cases [44, 45]. These rearrangements, which are asso-
ciated with increased TERT expression, target regions immediately up- and down-
stream of TERT, and position the TERT coding sequence to strong enhancer
elements, resulting in massive chromatin remodeling and DNA methylation of the
affected region. [44] Occurring in mutually exclusive fashion with MYCN amplifi-
cation and ATRX mutations, these rearrangements define a further subgroup of high-
risk disease, with TERT rearrangements (23%), ATRX deletions (11%), and MYCN
amplifications (37%) identifying three almost non-overlapping groups of high-stage
neuroblastoma, each associated with very poor prognosis.

Thus, a large number of high-risk neuroblastomas are affected by genetic altera-
tions of either MYCN, TERT, or ATRX, all of which converge to an activation of
telomere-lengthening mechanisms either by direct activation or by ALT, leading to
a capacity of near-infinite cell proliferation. [46] Advances in the development of
inhibitors of these pathways and their evaluation in clinical trials will lead to new
treatment opportunities.

Future studies will determine if the association between these major players in
neuroblastoma oncogenesis with distinct genetic profiles and mutational patterns
might serve for the definition of different risk groups in particular in high-risk
neuroblastoma.

Opverall, large-scale sequencing efforts have highlighted distinct mutational sig-
natures which are thought to reflect distinct biochemical cellular processes [47]. In
neuroblastoma, in some cases a predominance of C > T transitions, termed muta-
tional signature 1, are observed, with an association with age. Other mutational
signatures observed in neuroblastoma, although rarer, concern the canonical double-
stranded break signature linked to mutations in BRCAI or BRCA2 or to a
“BRCAness” phenotype [48]. Altogether, these studies underline the heterogeneity
of somatic genetic alterations in neuroblastoma and highlight the importance to
pursue efforts of molecular characterization.

2.2.1.3 Expression Profiles

In addition to genetic changes, neuroblastoma can also be characterized by specific
expression profiles. Indeed, to date, a large number of studies have focused on the
analysis of differential expression patterns in NB, seeking to identify expression
patterns that might be enable to distinguish patients with different clinical courses
and thus define different prognostic groups in high-risk disease, and to potentially
identify new therapeutic targets.

Thus, different expression signatures, based on 144-gene or 59-gene signatures,
reliably distinguished patients with distinct clinical courses, with the strongest dif-
ference observed in non-high-risk disease [49, 50]. Using real-time PCR expression
data, an expression signature based on only three genes (CHDS, PAFAHIBI1, and
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NMET) has been able to discriminate patients with different outcomes [51]. Among
high-risk patients, an expression profile based on 55 genes defined patient popula-
tions with divergent outcome [52]. Differential expression signature depending on
MYCN has led to a definition of a 157-gene signature which identified NB patients
with poor prognosis independent of the genomic MYCN status, those without MYCN
amplification presenting stabilization of MYCN at the protein level [53].

More recently, based on the hypothesis that tumor-associated inflammatory cells
might contribute to the differences in age-dependent outcome of patients with meta-
static NB, expression of genes representing tumor-associated macrophages, such as
CD33/CD16/IL6R/IL10/FCGR3, contributed to a novel 14-gene tumor classifica-
tion score. Progression-free survival was 47% versus 12% for patients with a low-
versus a high-risk score, indicating that interactions between tumor and inflammatory
cells may contribute to an aggressive metastatic NB phenotype [54].

In addition to messenger RNA, expression levels of non-coding RNAs are also
highly variable. Micro-RNAs function as regulators of gene expression at the post-
transcriptional level in diverse cellular processes and constitute the most widely
studied non-coding RNA molecules in NB. MYCN modulates the expression of sev-
eral classes of non-coding RNAs, especially some micro-RNAs, and it can also
regulate the expression of long non-coding RNAs such as T-UCRs (Transcribed
UltraConserved Regions) and non-coding RNA, whereas other long non-coding
RNASs remain to be characterized in NB. The landscape of T-UCRs in NB has been
studied recently and has revealed a correlation with the MYCN status, and prelimi-
nary studies have suggested that T-UCR-based expression signatures might distin-
guish short-from long-term survivors in high risk NB [55].

The miRNA expression pattern can also be used to classify NB patients accord-
ing to survival [56, 57]. An advantage of the study of miRNA rather than mRNA
expression signatures is linked to the greatest stability of miRNAs, and thus to an
analytical feasibility even with formalin-fixed, paraffin-embedded (FFPE) samples
as opposed to frozen samples [57]. The miRNA expression pattern can also be used
to classify NB patients according to survival [56, 57].

The paucity of recurrent genetic mutations as compared to adult tumors indicates
that additional mechanisms such as epigenetic alterations may play an important
role in the molecular pathogenesis of these developmental tumors. Alterations in
DNA methylation represent one of the most common molecular events in neoplasia,
and CpG-island hypermethylation of gene promoters is a frequent mechanism for
functional inactivation of relevant tumor-associated genes in neuroblastoma.
Promoter methylation patterns which are associated with patient subgroups and dis-
tinct clinical features have been identified [58]. Further studies are now necessary to
determine whether these genome-wide methylation patterns correlate with outcome
and other prognostic molecular markers in NB patients.

Taken together, to date, many studies have demonstrated the feasibility of expres-
sion profiling of mMRNA, miRNA, other non-coding RNAs, or epigenetic modifiers
in order to determine different prognostic subgroups among NB patients. However,
there is little, if any, overlap between the genes of the different signatures rendering
cross-study comparisons unfeasible. Furthermore, although most expression signa-
tures clearly distinguish prognostic groups in the overall population, differences in
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survival among high-risk patients are frequently not very marked. The routine setup
of real-time determination of expression profiles in a prospective clinical trial set-
ting, and their interpretation, remains a clear challenge.

2.2.1.4 Spatial and Temporal Heterogeneity

Neuroblastoma presents important spatial and temporal heterogeneity. Spatial het-
erogeneity has been recorded for several recurrent somatic genetic alterations in
neuroblastoma. Indeed, MYCN alterations might occur only in a subset of neuro-
blastic cells of a given tumor [59]. Segmental chromosome alterations might also
vary between different neuroblastic cell populations [60, 61]. Furthermore, muta-
tions can also be observed at a heterogeneous level. In some tumors, low-level
mutated allele fractions for ALK driver mutations have been observed [62].

In neuroblastoma, temporal heterogeneity can also occur. Indeed, genetic altera-
tions may evolve over time and clonal evolution is common, leading to the acquisi-
tion of somatic alterations in known oncogenic pathways, some of which may be
targeted. ALK-activating mutations, in some instance present in a minor subclone at
diagnosis, might emerge at relapse [63]. Furthermore, activation of the MAPK path-
way and other signaling pathways for epithelial-mesenchymal transition (EMT)
processes may appear during a relapse and represent promising targets for targeted
molecular treatment approaches [64, 65]. In total, spatial and temporal genetic het-
erogeneity plays an important role in neuroblastoma.

However, multi-site tumor biopsies, or sequential biopsies from the same tumor,
can only rarely be realized, and recently liquid biopsies have emerged as a very
promising tool to explore somatic genetic alterations with regards to both spatial
and temporal heterogeneity. Indeed, circulating tumor DNA, a fraction of cell-free
DNA, can readily be extracted from plasma of neuroblastoma patients. This can
serve for the detection of MYCN amplification [66]. Copy-number alterations or
mutations such as ALK can also be detected in ctDNA. [67-69] More recently
application of whole-exome sequencing techniques to sequential ctDNA samples
from NB patients has provided further evidence of the importance of clonal evolu-
tion in the progression of neuroblastoma, enabling the description of resistant clones
emerging at the time of relapse [70].

Altogether, as neuroblastoma is in general associated with a low mutational bur-
den and only few recurrently occurring mutations, it might be considered a copy-
number disease, with large chromosome segments contributing to oncogenesis by
gene dosage effects. Further ongoing efforts will enable to determine whether epi-
genetic changes also play a role in neuroblastoma oncogenesis.
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Isabelle Janoueix-Lerosey

3.1 Neuroblastoma, a Disease of the Neural Crest

The neural crest is a transient cell type that arises from the neural tube once this tube
is closed during development. Through an epithelial-to-mesenchymal transition,
neural crest cells (NCCs) are able to delaminate and migrate from their initial loca-
tion to numerous and distant sites throughout the embryo ([1]; for a review see [2]).
NCCs can differentiate into an incredibly diverse range of cell types that contribute
to various anatomical structures, including neurons and glia of the peripheral ner-
vous system, pigment cells of the skin, and cartilage and bone cells of the craniofa-
cial skeleton. According to their position along the axial level, four main functional
types of NCCs may be distinguished: cranial, cardiac, trunk as well as vagal and
sacral [1]. NCCs from the trunk part migrate ventrolaterally toward the dorsal aorta.
Cells remaining at this location differentiate into sympathetic progenitor cells in
response to extrinsic and intrinsic factors. Adrenal chromaffin progenitors have
been described to migrate further ventrally. These progenitor cells will generate the
cells of the sympathetic ganglia and the adrenal gland, from where neuroblastoma
tumors develop. However, a very recent study revised the current hypothesis regard-
ing the origin of adrenal chromaffin cells describing that they are rather generated
from Schwann cell precursors [3]. Therefore, two types of different progenitors may
be proposed as the cells of origin of neuroblastoma.

In addition of being a disease of cells derived from the neural crest, neuroblas-
toma has been shown to be associated with other neural crest derivatives patholo-
gies, named neurocristopathies. In these diseases, an abnormally high frequency of
neuroblastic tumors (including ganglioneuroma, ganglioneuroblastoma, and
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neuroblastoma) is observed compared to the general population. This is the case for
the Hirschsprung disease (HSCR, aganglionosis of the colon), the type 1 neurofi-
bromatosis, a well-known condition characterized by a predisposition to a large
spectrum of tumors including neuroblastomas and the Congenital Central
Hypoventilation Syndrome (CCHS), also called Ondine’s curse [4, 5]. Ondine’s
curse is a disease characterized by respiratory arrest during sleep and impaired or
absent response to hypercapnia [6].

Bone morphogenic factors (BMPs) are the major extrinsic factors secreted from the
dorsal aorta that are essential for the generation of the sympathoadrenal lineage [7].
Specification of cells toward sympathetic neurons relies on extremely precise tran-
scriptional programs involving a network of cross-regulatory key transcription factors,
including ASCL1, PHOX2B, HAND?2, and GATA3 among others [8]. The sequential
onset of expression starts with Phox2b and Ascll, followed by Hand2, Phox2a, Gata2/3,
and finally the specific enzymes for catecholamine biosynthesis Th (tyrosine hydroxy-
lase) and Dbh (dopamine-p-hydroxylase) and several generic neuronal markers such as
SCG10 and NF160. These factors which are crucial for the initial neuron specification
and differentiation are also involved in the control of proliferation, survival, and main-
tenance of differentiated functions of sympathetic neurons [8].

3.2 Key Genes Involved in Neuroblastoma Pathogenesis

3.2.1 PHOX2B, a Transcription Factor Involved in Syndromic
and Familial Neuroblastoma Cases

The PHOX2B gene has been identified as the causal gene of the Ondine’s curse in
2003 [9]. The PHOX2B gene encodes a homeobox transcription factor containing a
homeodomain domain and two polyalanine repeat domains of 9 and 20 residues,
respectively (Fig. 3.1). PHOX2B is a master regulator of the development of the
autonomic nervous system composed of the sympathetic and parasympathetic gan-
glia [14]. Germline mutations observed in patients affected with Ondine’s curse are
heterozygous and correspond to expansions of 5—13 alanines in the second polyala-
nine repeat domain [9]. Following the identification of PHOX2B mutations in these
CCHS syndromic forms, mutations in the same gene were reported in familial forms
of neuroblastoma [15-18]. In these patients, germline PHOX2B mutations are also
heterozygous but are either missense mutations in the homeodomain or missense or
frameshift mutations located between the homeodomain and the first polyalanine
repeat domain. A large series investigating genotype/phenotype correlations
between the occurrence of CCHS with or without Hirschsprung’s disease and with
or without neuroblastic tumors reported that Ondine’s patients with PHOX2B poly-
alanine expansions rarely developed ganglioneuroma tumors, whereas malignant
tumors were observed more frequently in patients with PHOX2B missense or frame-
shift mutations [19].

The functional impact of the various PHOX2B mutations has been investigated
in several model systems. A first study showed that the various mutant forms are
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Fig. 3.1 Functional domains of key proteins involved in neuroblastoma pathogenesis. The
PHOX2B transcription factor contains a homeodomain (HD) and two repeat domains of 9 and 20
alanines (respectively R1 and R2). In MYCN, the four MYC boxes (I, II, III, IV) [10, 11] are
depicted (pink), and the basic helix-loop-helix and leucine zipper domains are indicated. The ALK
receptor contains a signal peptide (pink) at its N-terminus. Its extracellular domain includes two
MAM (meprin/A5/protein tyrosine phosphatase Mu) domains flanking an LDLa (low-density
lipoprotein class A) domain (violet—AA 453-471) and a G-rich region (yellow). The transmem-
brane domain of the ALK receptor is shown in blue (AA 1030-1058) together with the juxtamem-
brane (JM, AA 1058-1122) and tyrosine kinase domain (TK) [12]. TERT is composed of a
telomerase “essential” N-terminal (TEN) domain, an RNA-binding domain (TRBD), a Reverse
Transcriptase (RT) domain, and a C-Terminal extension (CTE). The functional domains of ATRX
comprise an ADD (ATRX, DNMT3, DNMT3L) domain (violet) sharing homology with de novo
methyltransferases, a SNF2 family N-terminal domain highlighted in blue that includes a DEAD-
like helicase superfamily domain shown in green and a helicase C-terminal domain (pink). The
LIN28B protein contains several RNA-binding regions, including a cold-shock domain (CSD) and
two CCHC Zn finger domains (ZF1 and ZF2) [13]
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correctly localized in the nucleus [20]. In vitro, the overexpression of wild-type
(WT) PHOX2B decreases proliferation and induces differentiation of sympathetic
neuroblasts of the chick cultured at E7, but mutant forms of PHOX2B do not show
these properties [21]. However, a concomitant expression of mutated PHOX2B and
decreased level of WT PHOX2B results in an increased proliferation, demonstrating
that PHOX2B mutations are gain-of-function mutations. Frameshift nonpolyalanine
repeat expansion mutations (NPARM) of PHOX2B observed in neuroblastoma cell
lines have been further investigated using knock-in (KI) mouse lines bearing the
mutation at the heterozygous level [22] (Table 3.1). The two obtained mouse lines
showed early postnatal lethality due to breathing disorders and also presented with
aganglionosis of the colon, therefore recapitulating the clinical features of CCHS
and Hirschsprung disease. The NPARM mutations resulted in reduced sympathetic
ganglia, and no overt tumor formation was detected in these mice. Detailed study of
the WT and mutated forms of PHOX2B by a combination of various approaches
highlighted an impaired regulation of Phox2b on its own transcription as well as a
decreased regulation of Sox/0 expression. This imbalance results in an excess and
loss of progenitors developing toward the glial and neuron lineages, respectively.
These mouse lines therefore do not provide a preclinical model of neuroblastoma
linked to germline NPARM Phox2b mutations, and the exact mechanism explaining
how such mutations account for neuroblastoma susceptibility still remains unknown.
Zebrafish has also been used as a model to explore the functional consequences of
two neuroblastoma-associated PHOX2B NPARM [30]. Overexpression of the
mutant forms impaired terminal differentiation of sympathetic neuron progenitors
as revealed by decreased Th and Dbh expression. Altogether, the data obtained in
mouse and fish models suggest that Phox2b-mutant forms are responsible for a dif-
ferentiation blockage that may in turn provide a source of cells vulnerable to addi-
tional genetic events.

The role of PHOX2B in neuroblastoma pathogenesis seems mostly linked to its
germline mutations since somatic PHOX2B mutations occurring in sporadic tumors
are extremely rare [15, 17, 31].

3.2.2 MYCN, a Transcription Factor Associated with High-Risk
Neuroblastoma

MYCN is the most frequent gene targeted by amplifications in neuroblastoma. First
described in 1984, MYCN amplification is observed in primary tumors and cell
lines, mainly as double minute chromosomes or hsr, and is associated with high
level of MYCN transcript expression [32, 33]. The MYCN gene encodes a transcrip-
tion factor of the basic-helix-loop-helix-zipper class (Fig. 3.1) that is a master regu-
lator of transcription. MYCN exhibits a very restricted expression pattern and is
critical in the development of the central and peripheral nervous systems. Disruption
of the MYCN gene in mouse embryos is lethal between 10.5 and 12.5 days of gesta-
tion due to cardiac development abnormalities and reduction of the cranial and spi-
nal ganglia [34]. The conditional disruption of MYCN in neural progenitor cells
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demonstrates its crucial role during neurogenesis with proliferation and differentia-
tion defects of progenitor cells [35].

Several in vitro and in vivo models have sought to model MYCN amplification
through overexpression in mammalian cells.

Overexpression of MYCN has been studied in one model of murine neural crest
progenitor cells called JoMa-1 cells, generated by immortalization of neural crest
cells by a tamoxifen-inducible Myc-ER" [36, 37]. Expression of MYCN allowed
cells to grow independently of Myc-ERT in vitro, and injection of these cells in mice
resulted in formation of neuroblastoma-like tumors [38]. More recently, MYCN
overexpression was investigated in neural crest cells isolated from mouse embry-
onic day 9.5 trunk neural tube explants [39], derived from wild-type or p53*~ mice.
Cells were injected subcutaneously into nude or C57B1/6 mice, and tumor develop-
ment was assessed in the mice. Overexpression of MYCN in WT neural crest led to
the development of tumors exhibiting features of neuroblastoma in around one third
of the mice. The obtained tumors presented with copy-number aberrations syntenic
to those observed in human tumors with MYCN amplification, including 17q gain
and 1p loss. Yet, when using p53*~ neural crest cells, primitive neuroectodermal
tumors with various differentiations were observed, among which osteosarcoma.
Macroscopic metastases were observed in a subset of these mice in lymph nodes,
lung, and liver and frequently showed a mixed morphology similarly to the primary
tumors.

The first mouse line characterized by MYCN overexpression (referred to as
TH-MYCN) was engineered by Weiss and colleagues who generated transgenic
mice exhibiting the human MYCN gene under the control of the rat Tyrosine
Hydroxylase promoter in order to drive MYCN expression in neural crest cells [23]
(Table 3.1). Tumors resembling human neuroblastoma in terms of histology, loca-
tion, and acquisition of genetic abnormalities in regions syntenic to those seen in
patients with MYCN-amplified tumors indeed developed in this mouse line.
Although an incomplete penetrance of tumor development was observed in this
model, this first study demonstrated that MYCN is an oncogenic driver in neuroblas-
toma. However, the occurrence of other chromosomal aberrations in the obtained
tumors suggested that MYCN alone is not sufficient to drive transformation. This
model has been and is still largely used by the scientific community to explore many
aspects of neuroblastoma biology and investigate novel therapies. However, two
main limitations of these models may be highlighted, with respect to the character-
istics of the human disease: first, the absence of metastasis in the mice in which only
locally aggressive tumors are observed and also the absence of tumors occurring in
the adrenal medulla, a very frequent localization in neuroblastoma patients (47%)
[40, 41]. Of note, the initial study reported the crucial role of the genetic back-
ground in tumor development, suggesting that intrinsic factors in various mouse
strains may act as modifiers of MYCN-induced oncogenesis [23]. More recently, a
different model has been set up by the team of J. Schulte [24] (Table 3.1). This
model allows expression of a MYCN-IRES-Luciferase cassette downstream of the
chicken p-actin gene (CAG) promoter in Dbh-expressing cells (LSL-MYCN;Dbh-
iCre). This resulted in the development of tumors from the adrenals as well as from
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the superior cervical or celiac ganglia that may be detected by bioluminescent imag-
ing. Chromosomal aberrations in this model were syntenic to those observed in
human neuroblastomas, as it has been shown for the TH-MYCN model.

Zebrafish has also been used to model neuroblastoma. Indeed, the peripheral
sympathetic nervous system of this fish includes a superior cervical ganglia and an
interrenal gland, analogous to the superior cervical ganglia and adrenal medulla of
mammals, respectively [42]. MYCN overexpression in the sympathetic nervous sys-
tem of this animal model was obtained using a Dbh promoter fragment [43]. Tumors
exhibiting neuroblastoma features developed in the interrenal gland of the trans-
genic Dbh-MYCN line but with a low penetrance below 20%. One interesting prop-
erty of the Zebrafish model is linked to the possibility of high-throughput screenings
of chemical compounds.

There is no doubt on the oncogenic properties of MYCN in neuroblastoma,
which could therefore serve as an interesting therapeutic target. As a proof of prin-
ciple, Burkhart and colleagues demonstrated that MYCN antisense oligonucleotides
impaired tumorigenesis in the murine TH-MYCN model [44]. Unfortunately, there
are currently no drugs that could target MYC or MYCN proteins directly. Indeed,
these proteins can adopt many conformations and therefore do not present with
druggable pockets. One interesting alternative may be to act indirectly on the stabil-
ity of these proteins. In the case of MYCN, this can be achieved by using different
types of molecules involved in the control of MYCN stability. It has been shown
indeed that the stability of MYC proteins (comprising MYC, MYCN, and MYCL)
is regulated by phosphorylation within conserved sequence motifs called MYC
boxes (Fig. 3.1) and further ubiquitinylation and proteolysis. MYCN has been
shown to be first phosphorylated by the CDK1/Cyclin B complex on Ser62 and then
phosphorylated on Thr58 by GSK3p [45]. Dephosphorylation of the Ser62 by the
PP2A phosphatase then allows MYCN ubiquitination by the E3 ubiquitin ligase
SCFBW7 146, 47] resulting in its degradation. Consistently with these observations,
PI3K inhibition, that results in GSK3f activation, has been shown to destabilize
MYCN protein and block tumor progression in the TH-MYCN model [48].

MYCN stability is also controlled by the cell-cycle-regulated serine/threonine
kinase Aurora-A. Aurora kinases (A, B, and C) are key regulators of chromosomal
segregation and cytokinesis during mammalian cell division [49]. Several small-
molecule inhibitors of Aurora kinases have been discovered as anticancer drugs and
may be of interest to treat neuroblastoma with MYCN amplification. Indeed, in
2009, AURKA was identified as a gene that is required for the growth of MYCN-
amplified neuroblastoma cells but largely dispensable for cells lacking MYCN
amplification [50]. The mechanism underlying this effect relies on Aurora-A form-
ing a complex with MYCN, resulting in MYCN being protected from proteasomal
degradation during mitosis. This effect of Aurora-A on MYCN stability does not
depend on the catalytic serine/threonine kinase activity of Aurora-A.

The pan Aurora inhibitor CCT137690 is able to inhibit cell proliferation of
MYCN-amplified neuroblastoma cell lines in vitro and decreases MYCN protein
levels [51]. The efficacy of this compound was also demonstrated in the TH-MYCN
model. MLLN8237 (Alisertib) is a small-molecule inhibitor specific of Aurora-A,
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that has been tested in the Pediatric Preclinical Testing Program (PPTP) in vivo
panel [52]. Antitumor effects of this inhibitor were reported in three of seven neuro-
blastoma xenograft models. A phase I trial in children with refractory/recurrent
solid tumors was performed to define the maximum-tolerated dose, toxicities, and
pharmacokinetic properties of MLN8237 [53]. In this study, two patients with neu-
roblastoma had prolonged stable disease. MLN8054 is another selective small-
molecule Aurora-A kinase inhibitor [54]. Both MLLN8054 and MLLN8237 inhibitors
have been shown to disrupt the Aurora-A/MYCN complex and promote degradation
of MYCN mediated by the SCF™V7 ubiquitin ligase [55]. This study demonstrated
that disruption of the Aurora-A/MYCN complex inhibits MYCN-dependent tran-
scription and induces tumor regression and prolonged survival in the TH-MYCN
mouse neuroblastoma model. Another compound, CD532 is an ATP-mimetic ligand
that binds Aurora-A and maintains the protein in its inactive conformation. It blocks
both its kinase-dependent and -independent functions [56]. CD532 is efficient at
low nanomolar concentrations to induce the proteolytic degradation of
MYCN. However, this compound has not been evaluated in in vivo models of neu-
roblastoma. Recently, a direct interaction has been identified between the catalytic
domain of Aurora-A and a site flanking Myc Box I (residues 61-89) that also binds
SCF®*W7 [57]. Both MLLN8237 (Alisertib) and CD132 compounds induce a confor-
mation of Aurora-A that is not compatible with MYCN binding, allowing binding
of MYCN with SCF™W7 that triggers MYCN Lys48-linked polyubiquitination,
leading to proteasomal degradation.

Additional in vitro and in vivo studies have shown that Aurora-A kinase inhibi-
tors result in enhanced cytotoxicity when used in combination with chemotherapy
[58]. A phase I study of alisertib with irinotecan and temozolomide in patients with
advanced neuroblastoma has recently reported promising response and progression-
free survival rates [59]. A phase II trial of this combination (ClinicalTrials.gov
Identifier: NCT01601535) is ongoing. The data obtained with Aurora-A inhibitors
in neuroblastoma preclinical models as well as those from early clinical trials sug-
gest that these compounds may be of benefit for neuroblastoma patients. It remains
however to determine whether these compounds do not induce significant damages
to normal tissues through their general function in the control of the mitotic
spindle.

In addition to the compounds acting on MYCN stability through the control of its
posttranslational modifications, the BET (Bromodomain and extraterminal) inhibi-
tor JQ1 has been identified as a promising candidate for clinical development for
neuroblastoma patients with MYCN amplification [60]. Open chromatin and tran-
scriptional activation are associated with acetylation of lysine residues on histone
tails [61]. Acetylated lysines are mostly recognized by bromodomains that are pres-
ent in many proteins including the BET family composed of BRD2, BRD3, BRD4,
and BRDT. JQ1 is a thienotriazolo-1,4-diazepine that is able to displace BET bro-
modomains from chromatin by competitive binding to the acetyl lysine recognition
pocket. BET inhibition has been identified as a therapeutic strategy in several types
of adult cancers including numerous hematologic malignancies. A high-throughput
screening of more than 650 cancer cell lines revealed neuroblastoma as among the
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most JQ1-sensitive cell lines and MYCN amplification as the most predictive marker
of sensitivity [60]. Further analysis demonstrated that JQ1 induced cell-cycle arrest
and apoptosis in MYCN-amplified neuroblastoma cell lines. BET inhibition was
associated with downregulation of the MYCN transcriptional program accompa-
nied by suppression of MYCN transcription. JQ1 treatment impaired tumor growth
in several types of neuroblastoma preclinical models. Treatment of a cell line estab-
lished from a murine neuroblastoma tumor derived from the LSL-MYCN;Dbh-iCre
mouse neuroblastoma model with JQ1 demonstrated oncogene addiction to MYCN
[24]. 1t should be noted, however, that JQ1 acts not only at the MYCN enhancer and
not only on cells with MYCN amplification [62, 63].

The MYCN locus also encodes an antisense transcript called MYCNOS (MYCN
Opposite strand) and encoding the N-CYM protein [64]. MYCNOS is always coex-
pressed with MYCN. The N-CYM protein is able to inhibit GSK3p involved in the
posttranslational control of MYCN stability, resulting in stabilization of the MYCN
protein [65]. In addition, it has been showed that treatment with BET inhibitors
reduced NCYM expression, suggesting that such inhibitors are relevant for therapy
of neuroblastoma exhibiting amplification of both MYCN and NCYM [66].

3.2.3 Implication of the ALK Tyrosine Kinase Receptor
in Sporadic, Familial, and Syndromic Cases
of Neuroblastoma

The ALK (Anaplastic Lymphoma Kinase) gene was identified as a major neuroblas-
toma gene in 2008, following the discovery of germline and somatic activating
mutations in a subset of familial and sporadic cases, respectively [67-70]. This gene
encodes a tyrosine kinase receptor (Fig. 3.1) belonging to the insulin receptor sub-
family, the LTK and ROS genes being its closest homologs [12]. Importantly,
mutated ALK rapidly appeared as a tractable therapeutic target for precision medi-
cine in neuroblastoma patients with ALK-mutated tumors since inhibition of the
mutant receptors led to growth inhibition. Importantly, further analysis by next-
generation sequencing technologies revealed the presence of subclonal ALK muta-
tions in a number of cases at diagnosis and relapse [71, 72].

The ALK gene is extremely conserved throughout evolution. ALK homologs are
present in Drosophila, zebrafish, and chick among other species. In mammals, ALK
expression is mostly restricted to the developing central and peripheral nervous sys-
tem, including thalamic nuclei, several motor nuclei of the brainstem, and sympa-
thetic and enteric ganglia (for a review, [73]). Alk knockout mice are viable and do
not display any strong phenotype [74—77]. Yet few abnormalities have been reported,
including reduced hippocampal neurogenesis, subtle behavioral defects, and defects
in the testis function in males. However, no precise evaluation of the sympathetic
ganglia and adrenal medulla has been performed in these loss-of-function models.
The absence of a strong phenotype in Alk and Alk/Ltk knockout mice may be
explained by compensatory mechanisms involving the third member of the Alk sub-
family, that is, Ros or other members of the insulin receptor subfamily.



3 Neuroblastoma Pathogenesis 39

In mammals, the ALK receptor has been considered as an orphan receptor for
quite a long time, and the identification of its ligand(s) has been for long a matter of
debate. Midkine (MK) and pleiotrophin (PTN), two heparin-binding growth factors,
have been described as activating ligands for the ALK receptor [78, 79]. However,
other groups did not confirm ALK activation upon PTN treatment in neuroblastoma
cells or ALK-transfected cells [80-82]. More recently, heparin (but not MK and
PTN) was described as an ALK ligand able to induce its dimerization, auto-
phosphorylation, and subsequent downstream signaling [83]. Also, FAM150A and
FAM150B, two highly basic proteins, have been described as ALK and LTK ligands
[84, 85]. Interestingly, FAM150B is able to transform ALK-expressing NIH3T3 cells
and allows the growth of Ba/F3 cells expressing ALK in the absence of IL-3 [85].

Evidences demonstrating a physiological function of the normal Alk receptor in
sympathetic neurogenesis have been obtained using the chick embryo as a model.
Indeed, in vitro and in vivo knockdown of Alk in chick sympathetic neuroblasts led
to a decreased proliferation [86]. The same study also documented high expression
of Mk in chick sympathetic ganglia and functional effect of Mk knockdown.

The ALK gene has been initially identified through the characterization of a
t(2;5) translocation in anaplastic large-cell non-Hodgkin’s lymphoma leading to a
NPM-ALK fusion protein [87]. Many translocations involving the ALK gene and
various partners have been extensively characterized in a variety of children and
adult cancers, leading to fusion proteins bearing a constitutive activation of the ALK
tyrosine kinase domain [12]. In neuroblastoma, ALK activation results from point
mutations in the full-length ALK receptor. Figure 3.1 shows the structure of the
ALK receptor: in sporadic cases, the great majority of the mutations are observed in
the kinase domain with three main hotspots of mutations at positions 1174, 1245,
and 1275 [88]. Several ALK inhibitors, including NVP-TAE684 [89] and crizotinib
[90], characterized through their effect on ALK fusion proteins were already
described when ALK mutations were reported in neuroblastoma in 2008. These
small molecules are competitive inhibitors of the ATP binding within the kinase
domain. The availability of these molecules allowed the setup of a first phase I/I
clinical trial of crizotinib in neuroblastoma patients at the relapse stage [91].
Although the ALK status was not systematically known in this first trial, the results
showed that a number of neuroblastoma patients may benefit from ALK-targeted
therapies but also informed that inhibition of full-length ALK was more difficult to
achieve compared to ALK fusion proteins.

Of note, the spectrum of germline ALK mutations in familial cases is different
from that of the somatic mutations in sporadic cases. Indeed, only mutations at posi-
tion R1275, one of the three hotspots of somatic mutations, have been recurrently
observed in familial cases [69, 70]. No germline mutations have been reported in
familial forms of the disease at positions 1245 and 1174, the two other somatic
hotspots. This suggested that germline mutations at these two positions may be
embryonic lethal and potentially more aggressive than mutations at position R1275.
This hypothesis revealed to be at least partially true with the discovery of ALK
germline and de novo mutations at positions 1174 and 1245 in two unrelated patients
affected by severe neurological disorders and congenital neuroblastoma [92].
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Several lines of evidences also further documented the lower kinase activity and
oncogenic potential of ALK R1275 mutants compared to ALK F1174 mutants, both
in vitro [88] and in vivo (see below). Interestingly, the characterization of the
genomes of more than 1000 children affected with cancer by next-generation
sequencing redemonstrated the involvement of ALK germline mutations in neuro-
blastoma [93].

Several in vitro and in vivo models have been developed to investigate the role of
ALK-activating mutations in neuroblastoma oncogenesis. Overexpression of WT or
mutated ALK was studied in two different lines of murine neural crest progenitor
cells, the MONC-1 cells, generated by immortalization of neural crest cells by
v-Myec [36, 37] or the JoMa-1 cells. In vitro, ALK overexpression induced prolifera-
tion and survival even in the absence of Myc signaling [38, 94]. Whereas the paren-
tal MONC-1 cells were able to generate various tumor types including neuroblastoma
after orthotopic injections, only highly malignant undifferentiated tumors devel-
oped from MONC-1 cells expressing ALK F1174L, suggesting that activated ALK
altered their differentiation capacity [94]. In this study, undifferentiated tumors
were also obtained upon injection of JoMa-1 cells expressing WT ALK, ALK
F1174L, and ALK R1275Q, providing the first and still only demonstration that WT
ALK can drive malignant transformation when expressed in neural crest cell pro-
genitors. Using the same JoMa-1 model, Schulte and colleagues described a weak
tumorigenic potential of ALK F1174L but obtained neuroblastoma-like tumors
in vivo [38]. The differences observed between both studies may be linked to pas-
sage numbers of JoMa-1 cells or different ALK expression levels.

In the chick model, sympathetic neuron proliferation is increased upon overex-
pression of WT or activated Alk [62, 86]. In this model, Mk is expressed in early
sympathetic ganglia, and its expression decreases during chick embryonic develop-
ment. In vitro, sympathetic neuron proliferation depends on Mk levels, and the
effect on proliferation of Mk knockdown may be rescued by ALK 74 but not by
ALK"YT. A subsequent study investigating long-term effect of MYC, MYCN, and
ALKF!"7# overexpression demonstrated that MYC and MYCN overexpression elic-
its increased proliferation but does not sustain neuroblast survival [62]. In contrast,
activated ALKF!'7#L Jeads to a transient proliferation increase followed by cell-cycle
arrest and neuronal differentiation, resulting in increased survival. The combined
expression of ALKF!'™ and MYC proteins results in both neuroblast proliferation
and survival. Proliferating MYCN/ALK"'"** neuroblasts show a differentiated phe-
notype similar to ALK®/7#L neuroblasts but differ from them by the upregulation of
SKP2, CCNA2, E2F8, and DKCI among other genes. Furthermore inhibition of
SKP2, which targets the CDK inhibitor p27 for degradation, reduced proliferation
of MYCN/ALK*!7L cells [62, 86]. Together, these in vitro data provide evidences of
MYCN/ALK cooperation leading to neuroblast proliferation and survival, that may
be critical steps in neuroblastoma development.

Different genetically engineered mouse models (GEMMs) have been set up by
various teams to study the function of mutated ALK in vivo. The role of ALK muta-
tions in development and oncogenesis has been addressed using KI mice bearing the
two most frequent mutations observed in neuroblastoma patients (ALK R1275Q
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and ALK F1174L, corresponding to Alk R1279Q and Alk F1178L in the mouse Alk
receptor), expressed in a physiological context under the control of its endogenous
promoter [27] (Table 3.1a). The analysis of the sympathetic ganglia of the KI
AIKFI8L animals, at several stages of development, at birth and at adult stages,
documented an enhanced proliferation from E14.5 to birth in sympathetic ganglia
and an extended neurogenesis period. However, these KI mice did not develop any
tumor. These observations may explain how constitutional ALK mutations may pre-
dispose to neuroblastoma and are consistent with the incomplete penetrance of
germline ALK mutations observed in neuroblastoma families. Two transgenic
mouse lines have been generated to induce the expression of the ALKF!'7*--mutant
receptor in sympathetic neuroblasts. A strong expression of ALKF!'"4L under the
control of the B-actin promoter in Th- or Dbh-expressing cells elicited neuroblas-
toma formation with a low penetrance and long latency, and many other genetic
alterations occurred in the obtained tumors, showing that activated ALK alone is not
sufficient for the oncogenic transformation [26] (Table 3.1a). The expression of the
same mutant driven by the rat tyrosine hydroxylase promoter was not able to induce
mouse tumors [25]. Both the KI and transgenic models were used to demonstrate a
strong oncogenic cooperation between ALK mutations and MYCN overexpression.
Indeed, breedings of ALK-mutated GEMMs with TH-MYCN mice resulted in full
tumor penetrance and short latency associated with an absence of additional genetic
alterations in the obtained tumors [25-27] (Table 3.1b). The comparison of the KI
AIKFI7L and AIKRI27°Q mouse lines provided the first in vivo evidence that the
AIKFI78L mutant exhibits a higher oncogenic potential compared to the AIKR!279Q
mutant, in a MYCN overexpression context [27]. A detailed characterization of
murine MYCN and MYCN/Alk-mutated tumors highlighted a number of specific
features of the latter, including a more differentiated histology and an increased
expression of the Ret tyrosine kinase receptor, associated with a sensitivity to the
RET inhibitor vandetanib [27]. A further dissection of the underpinning mechanism
revealed that an ALK/ERK/ETVS pathway is involved in the control of RET expres-
sion [95].

It is also worth mentioning that whereas the AIkR'?7°Q KI mouse line was viable
and did not show any major phenotype at the heterozygous and homozygous state,
homozygous KI AlkF!!78L mice showed a high neonatal lethality associated with a
strongly reduced milk intake, reminiscent of the severe feeding difficulties observed
in the patients with the most aggressive ALK germline mutations [96].

3.2.4 Telomere Dysfunction Linked to TERT and ATRX Genomic
Aberrations

Whole-genome sequencing of neuroblastoma cell lines and tumors has identified
recurrent rearrangements and/or mutations leading to somatic loss of function of
ATRX, located on the X chromosome [97, 98] and overexpression of TERT located
on chromosome 5p15.33 [99, 100]. TERT and ATRX abnormalities are mutually
exclusive to MYCN amplification in most cases. The ATRX and TERT genes encode
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a SWI/SNF chromatin-remodeling ATP-dependent RNA helicase and the telomer-
ase reverse transcriptase, respectively (Fig. 3.1), both being involved in the control
of telomere length. Germline mutations of the ATRX gene are observed in the devel-
opmental disorder called a-thalassemia, mental retardation, X-linked syndrome
[101, 102]. A number of neuroblastoma cell lines and tumors exhibit TERT rear-
rangements that juxtapose TERT to strong enhancer elements, defined as super-
enhancer, which results in elevated TERT mRNA expression and increased
enzymatic telomerase activity compared with cell lines without such alterations [99,
100]. This excess of telomerase activity likely provides cancer cells the ability of
maintaining long telomeres and sustained proliferation capacity. Strong upregula-
tion of TERT expression is also observed in neuroblastoma with MYCN amplifica-
tion. In high-risk tumors without MYCN amplification or TERT rearrangements,
activation of the alternative lengthening of telomeres (ALT) pathway has been
reported. In a subset of these cases, ATRX mutations have been characterized. These
mutations are preferentially observed in tumors from adolescent and young adult
patients [97]; they are associated with an absence of the ATRX protein in the nucleus
and with long telomeres. ATRX mutations observed in neuroblastoma have not yet
been modeled in the mouse, but loss of ATRX in a mouse model is embryonic lethal,
and postnatal conditional loss of ATRX in the forebrain impairs cortex development
but does not induce brain tumors [103, 104]. Whereas no molecular therapies have
yet been proposed to target the ALT pathway, the development of telomerase inhibi-
tors represents a novel opportunity to target tumors exhibiting increased telomerase
activity that are associated to a particularly bad prognosis.

3.2.5 LIN28B

Lin28A/B proteins are RNA-binding proteins (Fig. 3.1) highly expressed in early
development. They are involved in the maintenance of progenitor cells by blocking
the biogenesis and subsequent differentiation function of Let-7 microRNAs [105,
106]. LIN28B amplifications have been observed in only a few percent of high-risk
neuroblastoma tumors; however, high expression of this gene is frequent in these
tumors [28]. The role of LIN28 in neuroblastoma pathogenesis has been demon-
strated using transgenic mouse models exhibiting Lin28b overexpression in cells of
the sympathoadrenal lineage that express Dbh [28]. Indeed, neuroblastoma tumors
developed in sympathetic ganglia and adrenal medulla of the transgenic mice. In
these tumors, Lin28b upregulation led to Let-7 suppression and MYCN overexpres-
sion [28]. However, no modification of neuroblast proliferation, sympathetic gan-
glion and adrenal medulla size, and Let-7 expression was observed during early
postnatal development in these transgenic mice [107]. These observations therefore
suggest that Lin28b functions in a Let-7-independent manner in early development
of neuroblastoma in this mouse model. In vitro, it has been now demonstrated that
Lin28A/B and Let-7 are essential for sympathetic neuroblast proliferation during
normal development in the chick [107]. Indeed, Lin28 knockdown decreases prolif-
eration, whereas Let-7 inhibition increases the proportion of proliferating
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neuroblasts. Lin28B overexpression enhances proliferation in E§ sympathetic neu-
roblasts, but such an effect was not observed in E7 or E9 neuroblasts.

Interestingly, common variants in LIN28B have been shown to influence neuro-
blastoma susceptibility [108]. Expression of LIN28B and let-7 miRNA correlated
with rs17065417 genotype in neuroblastoma cell lines, and a significant growth
inhibition has been reported upon depletion of LIN28B, specifically in neuroblas-
toma cells that were homozygous for the risk allele.

The signaling networks directed by LIN28B have been further explored and
highlighted the role of the RAN protein [109]. RAN (RAS-related nuclear protein)
is a member of the RAS family of small GTPases involved in nuclear trafficking and
also able to promote Aurora-A phosphorylation [110, 111]. LIN28B directly induces
RAN expression by two distinct mechanisms. One the one hand, LIN28B binds
directly to RAN transcript and, on the other hand, LIN28B represses Let-7 resulting
in a RANBP2 increase that stabilizes RAN. LIN28B also induces high levels of
phosphorylated Aurora-A leading to kinase activation. Moreover, Aurora-A is also
regulated by Let-7. A complex network connecting LIN28B, RAN, Aurora-A, and
MYCN therefore emerges from this analysis [112]. Additional studies will allow
deciphering whether modulating this pathway by single agents or more likely com-
binatorial approaches could provide benefit for neuroblastoma patients.

Of note, another study has explored the role of let-7 disruption in neuroblastoma
pathogenesis [113]. This study documented a frequent genetic loss of let-7 in neu-
roblastoma, inversely associated with MYCN amplification and independently asso-
ciated with poor outcome. More precisely, chromosome 3p and chromosome 11q
losses are frequently observed in tumors without MYCN amplification. These
regions contain the let-7g and let-7a2 loci, respectively. In addition, high levels of
MYCN transcripts were shown to be able to sponge let-7 microRNA levels. These
data therefore suggest that that let-7 disruption is a common aberration involved in
neuroblastoma pathogenesis that may occur through different mechanisms includ-
ing high LIN28B activity, genetic loss, or MYCN sponging.

3.3  Noncoding RNAs in Neuroblastoma Pathogenesis

Noncoding RNAs (microRNAs, IncRNAs, and piRNAs) have now emerged as
important players in the regulation of the transcriptome in a variety of biological
processes including stem cell biology, development, and cancer. A number of
microRNAs and IncRNAs likely play important functions in neuroblastoma
pathogenesis.

The importance of miRNAs in neuroblastoma was first highlighted by the dem-
onstration that different miRNA expression profiles are associated with different
prognostic subgroups of neuroblastoma [114]. Then, evidence was obtained show-
ing that miR-17-5p-92 family members exhibit oncogenic properties while miR-34a
has tumor-suppressor functions in neuroblastoma. The miR-17-92 cluster is a direct
target of MYCN that induces tumorigenesis of MYCN-nonamplified neuroblastoma
cells by downregulating p21, a negative regulator of the cell cycle and BIM, a
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proapoptotic gene [115, 116]. Treatment of mice presenting with xenografts of
MYCN-amplified cells with a specific antagomir-17-5p impaired tumor growth
[115]. A following study documented that each individual miRNA of the cluster is
upregulated in MYCN-amplified samples and that increased activity of miR-17-92 is
proportionally correlated to both poor overall and event-free survival [117].
Functional analysis uncovered that miR-17-92 activation represses the TGF-f path-
way by acting on multiple key effectors along the signaling cascade and by direct
inhibition of TGF-B-responsive genes. The cytostatic signals of active TGF-p sig-
naling are therefore inhibited by miR-17-92 activation, which results in a prolifera-
tion phenotype. Whereas miR-17-92 is activated by MYCN, miR-34a directly
targets MYCN resulting in a decreased expression of the MYCN protein and subse-
quent growth inhibition through increased apoptosis and decreased DNA synthesis
[118]. The global MYCN-miRNA interactome has been further deciphered in order
to establish miRNAs controlling MYCN expression levels [119]. Interestingly, some
of the MYCN-targeting miRNAs showed a decreased expression during murine
MYCN-driven neuroblastoma tumor development in the TH-MYCN and LSL-
MYCN;Dbh-iCre models, suggesting that these miRNAs are preferentially down-
regulated in MYCN-driven neuroblastoma to maintain MYCN expression.

Several microRNAs are correlated or inversely correlated with unfavorable out-
come in neuroblastoma patients. As an example, the miR181 family has been shown
to be associated with neuroblastoma aggressiveness as miR181-a and -b are both
upregulated in high-risk neuroblastomas [120]. This family of microRNA regulates
the expression of the dependence receptor CDON (cell-adhesion molecule-related/
downregulated by oncogenes) that acts as a receptor for SHH (Sonic Hedgehog).
High miR181 expression results in low expression of CDON. Reexpression of
CDON in neuroblastoma cell lines induces apoptosis in vitro and impairs tumor
growth in vivo after engraftment of cells to the chorioallantoic membrane of chick
embryos, indicating that CDON acts as a tumor suppressor in neuroblastoma. In
contrast, miR-542-3p is downregulated in tumors from patients with adverse out-
come [121]. An inverse correlation between its expression and the expression of
survivin has been reported, and a direct regulation of survivin by miR-542-3p has
been further demonstrated. Ectopic expression of miR-542-3p in neuroblastoma
cell lines in vitro results in decreased proliferation and induces tumor apoptosis in
xenograft models in vivo. Some microRNAs have been also identified as regulators
of ALK expression [122]. Comparison of neuroblastoma cell lines and tumors
expressing ALK high or low levels revealed higher expression of miR-424-5p and
miR-503-5p in the ALK low-level groups. Furthermore, direct binding of miR-
424-5p on ALK 3'-UTR was demonstrated.

LncRNAs participate in diverse cellular processes with distinct regulatory roles,
and some have been implicated in tumorigenesis. A differential expression analysis
of IncRNAs between low- and high-risk (or MYCN-amplified) neuroblastomas
revealed several nonannotated IncRNAs, including LOC729177 (GENCODE anno-
tation, also referred to as CASC14) IncRNA as one of the top-ranked candidates
[123]. Interestingly, previous genome-wide association studies revealed that neuro-
blastoma patients with homozygous risk G allele at the SNP rs6939340 located in
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intronic region of this IncRNA at 6p22 are likely to have metastatic disease and poor
event-free survival [124]. Due to its association with neuroblastoma prognosis,
LOC729177 IncRNA was subsequently named neuroblastoma-associated transcript
1 (NBAT-1). Low expression of NBAT-1 significantly correlated with poor overall
and event-free survival probability in neuroblastoma patients [123]. Functional
analysis documented that loss of NBAT-1 increases cellular proliferation and inva-
sion and also impairs differentiation of neuronal precursors.

The IncUSMycN gene is coamplified with MYCN in around 25% of human neu-
roblastoma tumors [125]. This IncRNA upregulates MYCN mRNA through a post-
transcriptional mechanism by binding to the RNA-binding protein NonO and
increases neuroblastoma cell proliferation. Treatment with antisense oligonucle-
otides targeting IncUSMycN in MYCN-amplified neuroblastoma xenografts
impaired tumor progression, providing the first evidence that amplification of
IncRNA genes can contribute to tumorigenesis. LncUSMycN is also involved in the
control of NCYM expression by activating its gene transcription, and NCYM RNA
upregulates MYCN expression by binding to NonO [66].

3.4  Metastasis Study in Neuroblastoma Models

Treatment of patients with stage 4 metastatic disease remains a challenge. Several
teams have sought to generate animal models presenting with metastasis that could
represent relevant models of the metastatic disease frequently observed in patients.
As mentioned above, the TH-MYCN mouse model unfortunately did not recapitu-
late this form of the disease since only locally invasive tumors develop in the mice.
Breeding of this mouse line with a caspase-8-deficient mouse line did not modify
tumor penetrance, but bone marrow metastasis was much more frequently observed
[29] (Table 3.1b). However, this model has so far not been used in preclinical stud-
ies. Xenografts of human neuroblastoma cell lines or fresh tumor material from
patients into the mouse represent an alternative to GEMMs in the development of
metastatic models of the disease. More recently, the zebrafish and chick models
have been shown to be of special interest in the context of the analysis of the neuro-
blastoma metastatic process, revealing the critical role of LMOI and SEMA3C
genes.

3.4.1 Orthotopic Xenografts in the Mouse

Orthotopic xenografts of human neuroblastoma cell lines in the adrenal medulla of
immunodeficient mice have provided a few models in which metastases have been
described [126—129]. Metastatic spread after orthotopic graft of MYCN-amplified
neuroblastoma was observed mainly to the lung, liver, spleen, and adrenals [126].
Such models using cancer cell lines previously established in vitro have been largely
used in preclinical studies aiming at testing various anticancer drugs. However, in
many cases, the efficacy observed in preclinical studies could not be confirmed in
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clinical trials. Patient-derived xenografts (PDXs) are generated by direct subcutane-
ous or orthotopic engraftment of intact patient tumor fragments or biopsies directly
into immunodeficient mice. PDXs of various cancer types recapitulate the histo-
pathological features and mutational patterns of the corresponding patient tumors
[130]. Importantly, these models have been shown to be predictive of clinical out-
comes highlighting their relevance for preclinical drug evaluation and personalized
medicine strategies. Recently, a series of pediatric solid tumors have been used to
generate orthotopic PDXs [131]. Para-adrenal injections were performed for neuro-
blastoma, and several models could be established. At that stage, metastasis has not
been yet investigated in these models. One limitation of these approaches is related
to the immunodeficient background of the mice and potential mouse-specific tumor
evolution during passages [132].

3.4.2 LMO1

In 2011, the LMOI (LIM domain only 1) gene has been identified as a high-risk
neuroblastoma susceptibility gene through a genome-wide association study [133].
This gene encodes a cysteine-rich transcriptional regulator with two LIM zinc-
binding domains that is mainly expressed in the nervous system. In sporadic tumors,
LMOI gains are observed in 12% of cases, and this abnormality is significantly
more common in tumors from patients with metastatic disease or advanced age
[133]. Whereas LMOI inhibition in neuroblastoma cells expressing high levels of
LMOT1 results in growth inhibition, overexpression of LMOI in cells with low lev-
els of LMOI1 induces increased growth, suggesting that LMO1 may function as an
oncogene in a subset of human neuroblastoma [133]. Further analysis demonstrated
that the LMO1 SNPs associated with high-risk neuroblastoma drive high expression
of LMO1 by a direct modulation in cis through the formation of a super-enhancer in
the first intron of the LMO1 gene [134].

Recently, the characterization of transgenic zebrafish lines expressing human
LMO1 under the control of the zebrafish Dbh promoter revealed that LMO1 alone
was not able to induce tumors in the fish [135]. However, the overexpression of
LMO1 not only synergizes with MYCN to induce neuroblastoma tumors by increas-
ing the proliferation of sympathoadrenal neuroblast cells, but LM O/ overexpression
was also associated with metastasis [135]. Indeed, LMO1 promoted hematogenous
dissemination and distant metastasis in multiple organs including orbit and spleen,
which are common sites in neuroblastoma metastatic patients. In vitro invasion and
migration assays with MYCN-amplified neuroblastoma cell lines documented
increased invasive properties and greater migratory capacity of cells expressing
high LMOI levels. The concomitant expression of MYCN and LMOI leads to
increased levels of extracellular matrix regulator genes, including LOXL3, ITGA2D,
ITGA3, and ITGAS, which should result in remodeling of the extracellular matrix
and subsequent enhanced invasion and motility, explaining the synergy between
MYCN and LMO]I in neuroblastoma metastasis. LMOI therefore appears as an
important oncogene involved in neuroblastoma initiation, progression, and wide-
spread metastatic dissemination.
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3.4.3 SEMA3C

Recently, C. Delloye-Bourgeois and colleagues developed an elegant avian embry-
onic model fully replicating human neuroblastoma tumorigenesis and dissemination
[136]. This model relies on the engraftment of neuroblastoma cell lines into HH14
chick embryos at the sympathoadrenal crest level (between somite 18 and somite
24). Two days after cell graft, almost all cells have migrated away from the initial site
and accumulated mostly in the sympathetic ganglia and the adrenal gland, which are
the natural sites that are specifically targeted by endogenous sympathoadrenal neural
crest cells [137]. The grafted neuroblastoma cells therefore recapitulated a collective
migratory behavior that is typical of neural crest cells. Seven days after the graft of
HH14 chick embryos, not only massive tumors were observed in sympathoadrenal
derivatives, but loco-regional invasion was observed as well as invasion to more dis-
tant sites. These observations indicate that this model recapitulates features of neuro-
blastoma metastasis. The comparison of the transcriptomic profiles of tumor masses
obtained in sympathetic ganglia 2 days after engraftment with that of neuroblastoma
cells that had not been engrafted uncovered a decreased expression of SEMA3C,
SEMA3D, and SEMA3F genes. These genes belong to the Semaphorin gene family
known to regulate axon and cell migration [138]. Further experiments documented
that the collective migration of neuroblastoma cells and targeting of embryonic
structures were impaired upon SEMA3C downregulation, showing that SEMA3C
provides a procohesion autocrine signal that constrains the tumor mass. The down-
regulation of SEMA3C results in detachment, allowing neuroblastoma cells to col-
lectively evade the tumor. Engraftment experiments with fresh tumor biopsies from
localized neuroblastoma tumors or bone marrow aspirates from metastatic patients
showed distant disseminations exclusively for samples derived from metastatic
cases, although primary tumor masses were detected for all cases in the sympathoad-
renal derivatives. Furthermore, the analysis of this model showed that embryonic
aorta and nerves are the primary dissemination routes of neuroblastoma cells. This
avian embryonic model appears as a promising model to further explore the meta-
static process in neuroblastoma and perform preclinical studies.

3.5 Cell Identity and Plasticity in Neuroblastoma

Besides the alterations of the cancer genomes that have been extensively character-
ized for decades, more recently several studies highlighted that specific epigenetic
states, associated with particular histone modifications and/or DNA methylation,
may contribute to cancer phenotype. Whereas silencing of tumor-suppressor genes
may indeed result from chromatin repression and/or promoter hypermethylation
[139, 140], coordinated long-range epigenetic activation of regions harboring onco-
genes and/or microRNAs is associated with gain of active chromatin marks and loss
of repressive marks [141].

A recent study reported an integrative analysis of methylomes, transcriptomes,
and copy-number variations of 105 neuroblastoma cases complemented by the
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analysis of several histone marks for a subset of primary tumors and cell lines [142].
Distinct genome-wide DNA methylation patterns were observed in various patient
subgroups with respect to survival and clinical and biological features, including
MYCN amplification. The obtained data further identified intragenic enhancer meth-
ylation as a mechanism for high-risk-associated transcriptional deregulation and
described a catalog of candidate genes for being transcriptionally deregulated by
aberrant methylation in high-risk neuroblastomas.

It has also been demonstrated that information on cell lineage identity can be
obtained through the characterization of the super-enhancer landscape of the cells
of interest. Super-enhancers are clustered enhancers that can be defined by ChIP
(chromatin immunoprecipitation)-seq of the H3K27ac histone acetylation mark
[143]. Core regulatory circuitries (CRCs) containing the key transcription factors
that govern the gene expression program of a specific cell type may be defined
from the super-enhancer landscape [144]. The analysis of the super-enhancer land-
scape of a panel of neuroblastoma cell lines and PDXs has recently highlighted two
different types of cell identity and two distinct transcription factor networks: a
sympathetic noradrenergic identity, defined by a CRC module including the
PHOX2B, HAND?2, and GATA3 transcription factors, and a more undifferentiated
identity, close to human neural crest cells driven by a CRC module containing
AP-1 transcription factors [145, 146]. Importantly, this analysis identified cell lines
with an intermediate pattern of super-enhancers, including in particular the
SK-N-SH cell line. This cell line has been described as phenotypically heteroge-
neous, and two different cell lines SH-EP and SH-SYS5Y have been subcloned from
it [147]. The analysis of the super-enhancer landscape revealed that the SH-EP and
SH-SYS5Y displayed a NCC-like and a sympathetic noradrenergic identity, respec-
tively. These two distinct identities are consistent with SH-SYSY cells displaying
neurite-like processes and expressing the noradrenergic biosynthetic enzymes Th
and Dbh, corresponding to a so-called N phenotype, whereas SH-EP cells exhibit
a substrate-adherent S phenotype without expression of Th and Dbh. Other pairs of
cell lines have been obtained by the group of R. Versteeg presenting with the same
characteristics as the SH-EP/SH-SYS5Y pair. Indeed, this group derived cell lines
sharing the same genomic alterations and exhibiting divergent phenotypes, expres-
sion profiles, and super-enhancer landscapes, corresponding to the two aforemen-
tioned identities [146, 148]. Both studies documented that cells of NCC-like/
mesenchymal identity were more resistant to chemotherapy than cells of noradren-
ergic identity in vitro. Additional data documented that sorted cells of each identity
were able to reconstitute both types of identity when injected in the mouse [146].
These observations motivated the analysis of pairs of diagnosis and relapse sam-
ples from neuroblastoma patients. Whereas one study obtained evidences suggest-
ing that mesenchymal cells are enriched in posttherapy patient samples [146], the
other one did not document a systematic enrichment of NCC-like/mesenchymal at
the relapse stage [145]. These observations suggest that neuroblastoma cells may
be able to shift from a noradrenergic to NCC-like cells under chemotherapy, and
from a NCC-like to noradrenergic identity after treatment. Further analysis on
larger series of patients at different time points during disease’s course will
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probably provide additional information on neuroblastoma intratumor heterogene-
ity and plasticity. The mechanisms underlying the plasticity of cell identity still
remain to be characterized. Interestingly, it has been suggested that the overexpres-
sion of the mesenchymal transcription factor PRRX1 in noradrenergic cells was
able to reprogram such cells toward a mesenchymal identity, with an increase in
expression of specific proteins and concomitant decrease of the proteins specific of
the noradrenergic identity [146]. Finally, functional analysis demonstrated a
growth dependency of noradrenergic neuroblastoma cell lines on PHOX2B,
HAND?2, and GATA3 transcription factors, evocative of lineage addiction [145].
Altogether, these recent data illuminate how epigenetic deregulation may contrib-
ute to neuroblastoma pathogenesis, with novel implications for diagnosis and dis-
ease treatment.

Previous studies based on the analysis of tumor alterations at diagnosis and
relapse using microarrays or more recently next-generation sequencing technolo-
gies have documented the accumulation of segmental alterations in neuroblastoma
and increase of the mutational burden in relapsing tumors [71, 72, 149—-151]. Clonal
mutation selection during disease progression was also reported. Understanding the
interplay between epigenetic rewiring and genetic alterations during tumor evolu-
tion will be crucial to improve neuroblastoma response to therapy and patients
outcome.
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4.1 Introduction

Peripheral neuroblastic tumors, or tumors of the neuroblastoma group, include neu-
roblastoma, ganglioneuroblastoma, and ganglioneuroma. As well defined by Willis
[1], these are embryonal tumors of neural crest origin. Tumors in this group are
composed of biologically different subsets. While biologically favorable tumors
often show spontaneous regression or maturation, biologically unfavorable tumors
are frequently refractory to chemotherapy/irradiation therapy and show aggressive
progression. Recent advances in research indicate that molecular/genomic proper-
ties of the individual tumors are closely associated with their unique clinical behav-
iors [2—4]. It is important to note that tumors in this group offer one of the best
models for investigating the biologically significant relationship between their
genetic/molecular properties and morphological manifestations [5]. According to
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our experience of COG (Children’s Oncology Group) Neuroblastoma studies, bio-
logically favorable tumors tend to remain biologically favorable, and biologically
unfavorable tumors tend to remain biologically unfavorable during the clinical
course of individual patients. Accordingly, determining the histological/biological
characteristics of the tumors at the time of diagnosis is critical for patient stratifica-
tion and appropriate protocol assignment. With regard to biologically unfavorable
tumors, however, molecular characteristics detected at the time of diagnosis may
not necessarily be the same as those seen at the time of recurrence.

4.2 Historical Considerations

The first pathology description of a tumor we now recognize as neuroblastoma was,
perhaps not surprisingly, provided by the groundbreaking German pathologist,
Rudolph Virchow. In his 1864 treatise “Hyperplasie der Zirbel und der Nebennieren,”
he described a childhood abdominal tumor, suggested that the tumor was of neural
origin, and diagnosed it as a “glioma” [6]. Dalton, in 1885, was the first to publish a
case with such microscopic detail that we can confidently diagnose it as a neuroblas-
toma, despite his diagnosis of “lymphosarcoma” [7]. Interestingly, it was Dalton, and
not James Homer Wright (see below), who first gave attention to neurites and the
neuroblastic rosette, writing that “cells are mingled with a peculiar finely-granular
and, in places, perhaps slightly fibrillated substance. In some places the round cells
are scattered uniformly through this material; in others they are arranged around the
borders of a small mass of it, something like the nuclei of a giant cell” [7, §].

Six years after Dalton, the German pathologist Felix Marchand contributed to
our understanding of neuroblastoma by observing that neuroblastoma cells were
histologically similar to developing cells of the fetal sympathetic ganglia and more-
over suggesting that mature ganglion cells develop from the more undifferentiated
tumor cells [9]. However, the theory that neuroblastomas arose from sympathetic
neural precursors (neuroblasts) was not universally accepted, with many still believ-
ing the tumors to be sarcomas or holding to Virchow’s original idea of glial origin.
It was James Homer Wright, director of pathology at Massachusetts General
Hospital, who effectively disposed of both the sarcoma and glial origin theories. In
his 1910 landmark paper “Neurocytoma or neuroblastoma, a kind of tumor not gen-
erally recognized,” he described and illustrated histologic features of twelve cases
he personally observed or studied from the literature. Wright championed the neu-
roblastic lineage theory of origin by emphasizing that (1) the fibrillar material did
not stain like neuroglia or collagen, (2) tumor cells associated with neuropil had
similar morphology to sympathetic nervous system/adrenal medulla precursors, and
(3) tumor architecture often mimicked the architecture of the sympathetic nervous
system at various stages of development [10]. He provided a detailed description of
the neuroblastic rosettes, which had been previously described by Dalton and others
[7, 11], and due to the greater impact of his paper, these henceforth became known
as Homer Wright “pseudo” rosettes. Wright was also the first to use the term “neu-
roblastoma” to describe these tumors [8].
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Following Wright’s influential paper, a flurry of manuscripts provided support
for the embryonic sympathetic neuroblast origin of neuroblastoma, tracing transi-
tional forms between neuroblasts and mature ganglion cells [12-14]. In 1913,
Herxheimer, using silver impregnation techniques, demonstrated that neuropil in
neuroblastoma was composed of primitive nerve fibers arising from tumor cells
[15]. Building upon observations of others that these tumors often had mixed histol-
ogy, with both malignant neuroblastic and benign ganglioneuromatous components,
Robertson in 1915 suggested the term ganglioneuroblastoma to include mixed types
with large amounts of embryonic tissue [16].

The relationship between neuroblastoma and ganglioneuroma was further eluci-
dated by Cushing and Wolbach in 1927, with their description of an extradural neu-
roblastoma that, over a period of 10 years, matured into a benign ganglioneuroma
[17]. That tumor, extensively sampled, showed no evidence of any residual malig-
nant neuroblastic component. Wolbach described it as solely composed of ganglion
cells, Schwann cells, and “capsular” or fibroblastic cells. Although the initial tumor
was treated with Coley’s (bacterial) toxins, a standard treatment at the time, the
authors could not ascribe the tumor’s maturation to treatment effect. By 1940, the
relationship between the forms of peripheral neuroblastic tumors was firmly estab-
lished, and, as described by Willis, “every ganglioneuroma must have begun as a
neuroblastoma, and every nerve cell tumour which is still growing, however mature
most of its cells, must still contain immature neuroblasts, i.e. must be a ganglioneu-
roblastoma” [1].

Concurrent with increased knowledge of the histologic and embryologic under-
pinnings of neuroblastomas and ganglioneuromas came better understanding of
clinical behavior. As early as 1910 and 1917, the propensity of neuroblastoma to
cause massive liver involvement in infants (Pepper syndrome) [18] and to metasta-
size to the orbits and skull (Hutchinson syndrome) [19] was described. The first half
of the twentieth century also saw vast improvements in surgical techniques, as well
as the introduction of ancillary diagnostic testing techniques for neuroblastoma,
such as urine catecholamine metabolite analysis, first described in 1957 [20]. This
period also saw the introduction of modern chemotherapy and radiation therapy
techniques. Despite these advances, it was not until the second half of the century
that histologic grading began to be applied for prognostic purposes. In 1968,
Beckwith and Martin proposed a four-tier grading system, ranging from Grade I
(predominantly differentiated) to Grade IV (undifferentiated). Despite a limited
dataset gleaned from one institutional tumor registry, they were able to recognize
that differentiation played an important part in prognosis, but were still unable to
fully account for the more favorable outcome in infancy [21].

The next 15 years witnessed advances in the understanding of neuroblastoma
biology, including the establishment of the first staging system and elucidation of
Stage 4S neuroblastoma, as well as the first observations of neuroblastoma cytoge-
netics, with descriptions of gene amplification, chromosome 1p deletions, and dis-
covery of the MYCN oncogene. However, it was not until 1984 that a histopathology
classification schema that correlated well with clinical behavior was introduced by
Shimada and colleagues [22]. In 1999, the International Neuroblastoma Pathology
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Classification (INPC), based upon Shimada system, was established, and it is this
system which is still in use for neuroblastoma grading. As described in greater detail
later in the chapter, the INPC subdivides tumors into either favorable or unfavorable
categories, based upon patient age on diagnosis, degree of neuroblastic differentia-
tion, content of Schwannian stroma, and mitosis-karyorrhexis index [5, 23].

With the advent of the age of “personalized” medicine in the last few decades,
pathologic evaluation of neuroblastomas, as with many other tumor types, has broad-
ened to include molecular analysis. Careful histopathologic characterization remains
critically important, but can no longer be considered sufficient. Interrogation of MYCN
amplification status and ploidy has been a standard since the 1980s, and more recently
molecular diagnostics has opened avenues to novel therapies, an example being the
discovery of ALK as the main familial neuroblastoma gene [24, 25]. So, while the
modern pathologist dealing with a neuroblastoma still uses many of the same nine-
teenth-century tools of Virchow, he or she must also be prepared to carefully triage
and preserve valuable tumor tissue for twenty-first-century molecular studies.

4.3 Pathology Diagnosis
4.3.1 Tumor Sampling/Handling

At the time of biopsy/surgery, it is critical to secure enough material for histologi-
cal examination, so that pathologists are able not only to make the correct diagno-
sis but also to classify the individual cases into Favorable Histology Group or
Unfavorable Histology Group (please see Sect. 4.4). To determine the molecular
characteristics of a given tumor, it is important to save snap-frozen material.
Making touch preparations is also recommended for MYCN and other analyses,
such as segmental chromosomal losses/gains, by means of the FISH (fluorescence-
based in situ hybridization) method.

4.3.2 Differential Diagnosis

It is beyond the scope of this chapter to describe the molecular tests used for the
differential diagnosis of soft tissue tumors in general in the pediatric age group.
For practical purposes in routine surgical pathology, immunohistochemical stains
can be utilized to support/confirm the diagnosis of neuroblastoma. Historically,
many laboratories used neuronal markers (NSE, PGP9.5, synaptophysin, chromo-
granin, CD56, etc.) and so-called neuroblastoma marker (NB84). However, these
markers are not specific/reliable for neuroblastoma diagnosis. For example, these
neuronal markers are positive for tumors of neuronal phenotype, such as Ewing/
PNET. On the other hand, markers for neural crest tumors with neuronal and neu-
roendocrine differentiation, which include TH (tyrosine hydroxylase; cytoplasmic
stain) and Phox2b (nuclear stain), are more specific for neuroblastoma diagnosis
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[26-28]. Of these two neural crest markers, Phox2b is more stable and can be used
for the staining of bone and bone marrow samples after decalcification [29].
Furthermore, Phox2b is more sensitive than TH, and is positive for all neuroblas-
tomas, including the undifferentiated subtype [29, 30]. In contrast, in some tumors
of the undifferentiated subtype, TH is positive only in sporadic cells, or may even
be negative. It should be noted that both Phox2b and TH are positive for neural
crest tumors of neuroendocrine differentiation, i.e., pheochromocytomas and para-
gangliomas [30]. It is also important to note that neuroblastomas are usually nega-
tive for muscle markers, lymphoma markers, keratins, and CD99. However, rare
neuroblastomas can be positive for vimentin, and even for desmin.

4.4 International Neuroblastoma Pathology
Classification (INPC)

The International Neuroblastoma Pathology Classification (INPC), which classifies
individual cases into Favorable Histology Group or Unfavorable Histology Group,
is applied only to tumor specimens obtained before chemotherapy/irradiation ther-
apy is started [5, 23]. After chemotherapy, tumor samples, especially of biologically
unfavorable cases, show acute chemotherapy effects, such as large areas of necrosis
and extensive hemosiderin deposition. Cytological/morphological changes of the
tumors after chemotherapy, which could mainly represent epigenetic phenomena,
are often unreliable in predicting the clinical behaviors of individual tumors.
However, we should conduct further study on recurrent tumors, since they could
demonstrate different genetic/molecular characteristics from those detected at the
time of diagnosis due possibly to clonal selection/evolution or long-term therapy
effects during the individual clinical courses.

4.4.1 Histological Categories and Subtypes

The International Neuroblastoma Pathology Classification distinguishes four cate-
gories in this group of tumors. The first three categories, i.e., Neuroblastoma
(Schwannian stroma-poor), Ganglioneuroblastoma, Intermixed (Schwannian
stroma-rich), and Ganglioneuroma (Schwannian stroma-dominant), represent the
morphologically defined maturational sequences according to the grade of neuro-
blastic differentiation and the degree of Schwannian stromal development [5, 23,
31]. We believe that all ganglioneuromas were once neuroblastomas in their early
stage of tumor development. Tumor maturation from Neuroblastoma to
Ganglioneuroma is prompted by the “cross-talk” supported by various signaling
pathways, including TrkA/NGF signaling and Nrgl/ErbB signaling [32-34],
between neuroblasts and Schwannian stromal cells. The fourth category is
Ganglioneuroblastoma, Nodular (composite, Schwannian stroma-rich/stroma-
dominant and stroma-poor), which is defined as multi-clonal tumor.
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1. Neuroblastoma (Schwannian stroma-poor)—NB: Tumors in this category
include three subtypes: undifferentiated, poorly differentiated, and differentiat-
ing. NBs are characterized by the typical growth pattern of neuroblastic cells,
which form groups or nests demarcated by thin fibrovascular stromal tissue
septa. In these tumors, no or limited (<50% of tumor tissue) Schwannian cell
proliferation/development is observed.

(a) Neuroblastoma, undifferentiated (NB-UD) subtype is rare and supplemen-
tary procedures, such as immunohistochemistry and/or molecular tests, are
required in order to establish the diagnosis. As mentioned above, positive
Phox2b immunostaining can be useful to support the diagnosis. The prolif-
erating cells are uniformly primitive, without clearly recognizable neurite
formation (Fig. 4.1a). NB-UD is often associated with biologically unfavor-
able indicators, such as MYCN oncogene amplification, diploid pattern, and/
or IpLOH.

(b) Neuroblastoma, poorly differentiated (NB-PD) subtype is the most common
histological form among the peripheral neuroblastic tumors, and is com-
posed of neuroblasts which display varying amounts of neurite production,
with or without Homer Wright rosette formation. It is important to note that
neurites are not “‘stroma,” but are cytoplasmic extensions from the tumor cell
bodies. By definition, less than 5% of tumor cells have cytomorphological
features of differentiating neuroblasts [see (c) NB-D]. Neuroblasts in this
subtype are often described as having “salt-and-pepper” (sprinkles of het-
erochromatin and a few inconspicuous nucleoli) nuclei (Fig. 4.1b). It should
be noted, however, that some tumors in this subtype, and more in the undif-
ferentiated subtype, show the presence of one to few prominent nucleoli
(nucleolar hypertrophy), especially when the MYCN oncogene is amplified
(Fig. 4.1c).

(c) Neuroblastoma, differentiating (NB-D) subtype is often characterized by
the presence of abundant neurites. By definition, more than 5% of tumor
cells in this subtype have an appearance of differentiating neuroblasts
(Fig. 4.1d). These differentiating neuroblasts are defined by synchronous
differentiation of both the nucleus (enlarged, eccentrically located with a
vesicular chromatin pattern and usually a single prominent nucleolus) and
the cytoplasm (eosinophilic/amphophilic with a diameter of twice that of
the nucleus, or more). Nissl substance can be seen in the periphery of the
cytoplasm.

2. Ganglioneuroblastoma, Intermixed (Schwannian stroma-rich)—GNB-I: This is
a transitional form between Neuroblastoma and Ganglioneuroma. Tumors in this
category have a ganglioneuromatous appearance, but contain well-defined
microscopic nests of neuroblastic cells whose neuritic processes around their
cell bodies are still naked and not covered with Schwannian stromal cells. These
nests are composed of a mixture of neuroblastic cells in various stages of dif-
ferentiation, often dominated by differentiating neuroblasts (Fig. 4.1e). Some
apoptotic cells may also be seen in the nests. The nests are intermixed or ran-
domly distributed in the ganglioneuromatous tissue, i.e., Schwannian stroma
containing individually embedded ganglion cells. By definition, more than 50%
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Fig.4.1 Histological features of peripheral neuroblastic tumors: Neuroblastoma, undifferentiated
subtype (a); Neuroblastoma, poorly differentiated subtype (b, inset—Homer Wright rosette);
MYCN-amplified neuroblastoma showing an appearance of poorly differentiated subtype with a
high mitosis-karyorrhexis index (¢, inset—neuroblasts with nucleolar hypertrophy); Neuroblastoma,
differentiating subtype (d, inset—high-power view of differentiating neuroblasts);
Ganglioneuroblastoma, Intermixed (e); Ganglioneuroma (f); and Ganglioneuroblastoma, Nodular
(g, inset—ganglion cells in ganglioneuromatous component)
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of tumor tissue should have a ganglioneuromatous appearance with Schwannian
proliferation/development (Schwannian stroma-rich) in this category. Otherwise,
the tumor should be called Neuroblastoma (Schwannian stroma-poor). GNB-I is
regarded as one step behind of the final tumor maturation (Ganglioneuroma—
GN; see below), and both GNB-I and GN invariably display a biologically and
clinically benign behavior [35, 36].

3. Ganglioneuroma (Schwannian stroma-dominant)—GN: Tumors in this category
are characterized by the presence of individually distributed ganglion cells in
Schwannian stroma (Fig. 4.1f). Since the neuritic processes produced by these
ganglion cells are immediately incorporated into the cytoplasm of Schwannian
stromal cells, there are no recognizable naked neurites without Schwannian cov-
erage. Two subtypes, maturing and mature, are included in this category. The
maturing subtype contains both maturing and mature ganglion cells, whereas the
mature subtype contains only mature ganglion cells covered with satellite cells.
The stromal portion is usually well organized and shows a fascicular profile of
Schwann cells bundled with perineurial cells.

4. Ganglioneuroblastoma, Nodular (composite, Schwannian stroma-rich/stroma-
dominant and stroma-poor)—GNB-N: The term “composite” implies that the
tumor in this category is made up of biologically different histological compo-
nents (clones). Tumors are characterized by the presence of grossly visible, often
hemorrhagic and/or necrotic, NB nodule(s) (stroma-poor component), co-
existing with GNB-I (stroma-rich component) or with GN (stroma-dominant
component) (Fig. 4.1g).

4.4.2 Prognostic Grouping (Favorable Histology vs. Unfavorable
Histology)

The INPC classifies two prognostic groups, Favorable Histology Group and
Unfavorable Histology Group (Fig. 4.2) [5, 23, 31, 37]. In order to distinguish
these two groups, each tumor is evaluated and placed either within or outside an
age-appropriate framework defined by morphological indicators. Morphological
indicators used in this classification are tumor differentiation/maturation and
mitotic and karyorrhectic activities. With regard to tumor differentiation/matura-
tion, the categories and subtypes described above are utilized. Another morpho-
logical indicator, mitotic and karyorrhectic activities of neuroblastic cells, is
applied only to tumors in the NB category [38]. On the basis of these activities,
each NB tumor is assigned to one of three MKI (mitosis-karyorrhexis index)
classes: Low (<100/5000 cells), Intermediate (100-200/5000 cells), and High
(>200/5000 cells). Determination of MKI class is based on averaging the activities
by counting mitotic and karyorrhectic cells in multiple representative microscopic
fields. In other words, MKI class is not determined by counting the activities from
the hottest, i.e., most condensed, fields. Cells with nuclear fragmentation (i.e.,
karyorrhectic) are included in the counting, while simply hyperchromatic (darkly
stained) nuclei are not included.
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Neuroblastoma Age at Diagnosis
(Schwannian stroma-poor) 18-60
Subtype MKI <18 months >60 months
months
Undifferentiated Low
Intermediate
High
Poorly differentiated Low
Intermediate
High
Differentiating Low
Intermediate
High
Ganglioneuroblastoma, Intermixed Favorable
(Schwannian stroma-rich)*** Histology
Ganglioneuroma Favorable
(Schwannian stroma-dominant)*** Histology
Ganglioneuroblastoma, Nodular .
(composite, Schwannian stroma-rich/ U ravorﬁle'_ll-'llsttt?logxm
stroma-dominant and stroma-poor) ML D Rl el o))

Fig. 4.2 International Neuroblastoma Pathology Classification: *UH (black areas in
Neuroblastoma category) = Unfavorable Histology; s#*FH (white areas in Neuroblastoma cate-
gory) = Favorable Histology; s##xGanglioneuroblastoma, Intermixed and Ganglioneuroma are
usually diagnosed in older children and young adults and associated with an excellent prognosis;
#x4:xPrognosis of Ganglioneuroblastoma, Nodular depends on the characteristics of neuroblas-
toma nodule (please see the text)

1. Favorable Histology Group: Tumors in the Favorable Histology Group can fit
into an age-appropriate framework and display differentiation/maturation from
NB-PD to NB-D, then to GNB-I, and finally to GN, as a result of the “cross-talk”
between tumor cells and Schwannian stromal cells. In order to observe tumor
differentiation/maturation, however, a certain period of time, i.e., in vivo latent
period, seems to be required in each phase. The INPC defines two critical time
points: “up to 18 months” from NB-PD subtype to NB-D subtype and “up to
60 months” to GNB-I or GN. In other words, even though the tumors in the
Favorable Histology Group have a potential of differentiation/maturation, they
follow the age-appropriate framework. Accordingly, (1) patients <18 months of
age on diagnosis with NB-PD, (2) patients <60 months on diagnosis with NB-D,
and (3) all GNB-I and GN (usually diagnosed in older children and young adults)
fall into the Favorable Histology Group with an excellent prognosis [35, 36]. The
prognostic implications of MKI are also age-dependent: (1) Low MKI tumors in
patients <60 months of age on diagnosis, and (2) Intermediate MKI tumors in
patients <18 months of age on diagnosis come within the framework of the
Favorable Histology Group.

GNB-I and GN tumors are generally well circumscribed. However, micro-
scopic examination may disclose the presence of Schwannian stromal compo-
nent in an “infiltrative” interface with the peri-tumoral tissues or in the inked
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surgical margins. Furthermore, clear and complete resection of those tumors in
the para-vertebral location is not feasible due to direct adhesion to the vertebral
bodies. As long as more than 95% of tumor mass is resected and no grossly vis-
ible NB nodule formation is observed, the case is evaluated GNB-I or GN in the
Favorable Histology Group and has an excellent prognosis [36].

. Unfavorable Histology Group: Tumors of the NB-UD subtype in any age group,

tumors of the NB-PD subtype in patients over 18 months of age, and tumors of
the NB-D subtype in those over 60 months of age are considered to have no or
limited differentiating potential: they are outside the age-appropriate framework.
Moreover, High MKI NB tumors in any age group, Intermediate MKI tumors
>18 months of age at diagnosis, and Low MKI tumors >60 months of age at
diagnosis are also outside the framework. A significant correlation between
MYCN amplification and High MKI has been reported in NB tumors [39, 40].
Those tumors with morphology indicators outside the frame are assigned to the
Unfavorable Histology Group.

While tumors in the GNB-I and GN category are always assigned to the
Favorable Histology Group [23, 35, 36], tumors in the GNB-N category are clas-
sified as belonging to either the Favorable Histology Group or the Unfavorable
Histology Group, according to the characteristics of the NB nodule(s) [31]. For
this purpose, the same criteria of age-linked evaluation of the grade of neuroblas-
tic differentiation and the MKI class that are utilized for the prognostic distinc-
tion of NB tumors are applied to the NB nodule(s) in GNB-N. It should be noted
here that reaching the correct diagnosis of GNB-N is often difficult on biopsy or
partial tumor resection, since the NB nodule could be hidden and not sampled for
pathology examination. In such situations, it is advisable to add the disclaimer
“Based on Review of Limited Material” in the diagnosis line after “GN or GNB-
I, Favorable Histology” in the surgical pathology report and to initiate discussion
with the oncology team in order to look for possible hidden NB nodules. A hid-
den NB nodule may be hemorrhagic/necrotic and MIBG-avid, hence potentially
identifiable by imaging study. The nodule can constitute a source of highly ele-
vated serum/urinary VMA/HVA levels and even metastasize to the bone marrow
or other sites. We have experienced multiple occasions of diagnosis change from
GNB-I/GN to GNB-N after additional biopsy/surgery or even needle biopsy tar-
geting the nodular lesion with help from radiologist colleagues.

4.4.3 Age Factor in Neuroblastoma

In neuroblastoma, the patient’s age at diagnosis is one of the prognostic indicators.
In the past, 1 year of age was used as the cut-off for distinguishing between groups
with better (<356 days) and worse (>365 days) prognosis. London et al. reported
that (1) the prognostic contribution of age to the clinical outcome is continuous in
nature: whichever age cut-off is adopted, survival rate of younger patients is always
better than that of older patients, and (2) there is statistical evidence of an age cut-
off greater than 1 year for risk stratification [41]. The COG is now in the process of
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raising the cut-off for prognostic distinction from 1 year (365 days) to 18 months
(548 days). The age factor should be regarded as a surrogate for other genetic/bio-
logic risk markers. The INPC already has a built-in age cut-off of 18 months, and
Sano et al. demonstrated that the INPC was able to add independent prognostic
information beyond the prognostic contribution of age [42]. In other words, the
INPC clearly distinguishes two prognostic groups (Favorable Histology Group and
Unfavorable Histology Group, the former identifying significantly better prognosis
than the latter) in different age groups, such as < vs. >12 months (365 days), < vs.
>18 months (548 days), and < vs. >24 months (730 days) of age at diagnosis.

4.5 Bone Marrow Involvement in Neuroblastoma

At the time of diagnosis, about 50% of peripheral neuroblastic tumors present with
metastatic disease, and bone marrow (BM) is the most common site (70.5%) of
tumor spread [43]. Moreover, it is a frequent site of disease recurrence. The BM
tissue includes many different cell types: they are both stromal cells and hematopoi-
etic cells. Factors that are released by these cells may play an important role in the
“homing” of NB cells to the BM by creating a microenvironment favorable to the
metastatic process [44]. These factors may include clusterin [45], the proto-
oncoprotein c-myb, the PRAF2 oncogene [46, 47], vascular endothelial growth
factor-B, and the X-linked inhibitor of apoptosis [48]. Mesenchymal stem cells
(MSCs) are reported to show transcriptional upregulation of IL-6 production, fol-
lowing collaborative interaction with a galectin protein (Gal-3) secreted by NB cells
in the BM microenvironment [49]. Recent studies have also shown that
BM-infiltrating NB cells display up- or downregulation of various proteins, causing
difficulty in patient management. Upregulated proteins include B7H3, CD56, c-Kit,
HLA-G, and calprotectin [50, 51], and downregulated proteins include CXCL12
and other immune-regulating proteins [52].

BM involvement by NB cells at disease onset is well known to have an adverse
prognostic effect. The persistence of NB cell infiltration in the BM throughout the
course of the disease and after treatment is also predictive of poor outcome [53, 54].
The presence of NB cells in the BM is usually detected by means of imaging tech-
niques, including '**I-metaiodobenzylguanidine (MIBG) scintigraphy, and by mor-
phological examination. For many years, the cytology of BM aspirates and the
histology of trephine biopsies have constituted the gold standard for the assessment
of neuroblastoma disease [43, 55, 56]. However, these methods have limited sensi-
tivity, especially when the NB cell population is <10% of background cells, and
could seriously underestimate the prevalence of BM infiltration [57]. Alternative
and more sensitive methods of analyzing BM infiltration by NB cells have been
developed in the last decade, and their potential prognostic value has been the sub-
ject of various investigations. These techniques are the flow cytometry evaluation of
whole BM aspirates, the immunocytochemistry of BM mononuclear cells (MNCs),
and the molecular analysis of whole BM aspirates [58] by qualitative or quantitative
reverse transcriptase polymerase chain reaction (RT-PCR) [60].
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With regard to flow cytometry, this method has been used to quantify NB cell
content in BM aspirates. However, since the need to analyze large numbers of cells
reduces its sensitivity, this approach is not currently recommended in the clinical
setting [58]. The most significant improvement in the sensitivity and specificity of
NB cell detection in BM aspirates is offered by immunocytology (IC) and quantita-
tive Reverse Transcription Polymerase Chain Reaction (qQRT-PCR), which have
proved able to detect a single neuroblastoma cell among one million (10°) normal
cells. Most importantly, the quantitative approach provided by these two methods
has shown that the percentage of NB cells detected either by IC or qRT-PCR in BM
is predictive of outcome.

In 2017, an article entitled “Recommendations for the Standardization of Bone
Marrow Disease Assessment and Reporting in Children with Neuroblastoma on
Behalf of the International Neuroblastoma Response Criteria Bone Marrow Working
Group” [57] presented detailed guidelines for collecting and analyzing BM samples
in neuroblastoma. It should be noted that these are designed mainly for the evalua-
tion of the response of BM disease during the clinical course of NB patients. These
recommendations are briefly summarized below:

4.5.1 Sample Collection for Testing

Representative bilateral core needle biopsies for histology/immunohistochemistry
(IHC) and bilateral bone marrow aspirates for cytology, IC, and qRT-PCR are taken
from all children at the time of diagnosis and, in high-risk children, at the time of
response assessment at the end of induction therapy. In very young or small infants, core
needle biopsies are not recommended, as the size and quality of the biopsy is unlikely to
be adequate for analysis. When there is insufficient aspirate to complete all analyses, the
priority for investigations is cytology, followed by gqRT-PCR, and, finally, IC.

4.,5.2 Trephine Biopsies

The recommendation is to report the estimated percentage areas occupied by tumor
cells in marrow spaces, in order to minimize the errors that arise when the number
of hematopoietic cells (background or denominator of non-NB nucleated cells) is
reduced (hypoplastic marrow) after chemotherapy. Tumor histology should be clas-
sified as undifferentiated, poorly differentiated, or differentiating subtype (Fig. 4.3a,
b). In rare cases, metastatic tumors may display ganglioneuromatous maturation.
MKI class is not evaluated in the BM sample, since the amount of tumor tissue is
usually insufficient for determination, and mitotic and karyorrhectic activities are
not always the same as those seen in extra-BM tumor tissue in the same patient.
Although it is generally accepted that NB cells can be identified more accurately
in BM biopsies than in aspirates, it is recommended that analysis of both should be
performed in order to achieve the most accurate interpretation of BM disease.
Besides H&E staining, IHC with at least two antibodies should be performed in
order to detect NB cells in the biopsy specimen. With regard to the IHC test, it is



4 Neuroblastoma Pathology 69

Fig. 4.3 Histology of bone marrow trephine. Metastatic tumor with poorly differentiated subtype
(a H&E stain, inset—positive nuclear stain for Phox2b, immunostain). Infiltration by differentiat-
ing neuroblasts in a post-chemotherapy sample (b H&E stain)

oZ®,

2

Fig.4.4 Immunocytology (IC) on bone marrow aspirate stained for anti-GD2. A clump of criteria-
positive cells (a immunostain) and a single positive cell (b immunostain)

strongly recommended that anti-Phox2b antibody be used for NB cell detection
(please see Fig. 4.3a, inset). A BM biopsy is regarded as negative for tumor in the
absence of NB cells after reviewing both H&E and THC slides.

In reporting the results of BM trephine biopsy analysis, a threshold of 5% BM
infiltration is considered to be the attainable level of reliable tumor detection. A new
category of minimal disease is defined by the presence of BM infiltration <5%.
Cases falling into this category may hopefully benefit from the timely introduction
of emerging therapies that may prove effective in the long term.

4.5.3 Immunocytology (IC)

It should be stressed that, in order to reach a sensitivity of one neuroblastoma cell in
1 x 10° MNCs, IC should be reported on 3 x 10° MNCs per aspirate, using a mono-
clonal anti-GD?2 disialoganglioside antibody, namely, the clone 14G2a. We refer the
reader to the published criteria for the reliable light-microscopy identification of NB
cells on immunocytochemically stained slides (Fig. 4.4) [59, 60].
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4.5.4 Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)

It is recommended that RNA extracted from BM aspirates taken on diagnosis be
amplified by means of qRT-PCR for the expression of at least the neuroblastoma
mRNAs, including tyrosine hydroxylase and Phox2b [61, 62].

Finally, BM infiltrated by NB cells is an excellent source of material for tumor
genome analysis. For example, results of genomic profiling by SNP array for dis-
seminated NB cells in BM have been reported [63]. High-throughput mutation
analysis using next-generation sequencing technology is suitable for formalin-fixed,
paraffin-embedded material of various solid tumors [64, 65] and bone marrow tre-
phines [66] in NB cases. The availability of archival material from BM trephine
biopsies from patients with metastatic NB may enormously expand the potential for
such analyses.

4.6 Tumor Progression in Neuroblastoma

Importantly, the survival rate of the FH group is estimated to be around or over 90%,
whereas that of the UH group has remained 50-40% or less [23, 37, 42]. This indi-
cates that at least one in two UH group patients dies from the disease, despite cur-
rent high-intensity multimodal therapy. Detailed information of clinical behaviors
and genomic/molecular factors associated with tumor progression is provided in
other sections, and some of the factors are briefly listed here. First of all, MYCN
oncogene amplification has been reported to be the strongest indicator of aggressive
neuroblastoma progression [67]. MYCN amplification also causes genetic instabil-
ity in NB cells, leading to secondary genetic aberrations at the chromosomal level.
Some of these aberrations may further support tumor progression and metastasis
[68]. Apart from MYCN amplification, other chromosomal alterations in NB cells,
such as loss of chromosome 1p, 3p, or 11q and the unbalanced gain of chromosome
17q, appear to promote tumor progression and increase the metastatic potential of
NB cells [69-72]. Overexpression of TrkB, whose preferred ligand is the brain-
derived neurotrophic factor, is reported to upregulate several matrix metalloprotein-
ases (MMPs) and serine proteases, such as urokinase and tissue plasminogen
activators. These proteases contribute to the invasiveness of NB cells by degrading
the extracellular matrix [73].

4.7 New Directions of Neuroblastoma Pathology Research

New innovative therapeutic approaches are needed for those in the UH group. To
address this problem, we have been attempting to identify the expression of
potentially drug-targetable proteins that appear to lay the foundation for the
aggressive behavior of certain neuroblastomas existing in the UH group. We are
aiming to refine the current INPC by incorporating immunohistochemical
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detection/evaluation of these target proteins and to develop a more precise sys-
tem of pathology classification for future patient stratification and protocol
assignment.

4.7.1 Potential “Actionable/Druggable” Targets
in Neuroblastoma

1. ALK (anaplastic lymphoma kinase) overexpression: ALK is a receptor tyrosine
kinase and expressed in the developing sympathoadrenal lineage of the neural
crest. In neuroblastoma, mutations in the ALK gene account for the majority of
familial neuroblastoma cases [25]. ALK mutations/overexpression and amplifi-
cation are also found in around 10% of sporadic neuroblastoma cases [74, 75].
ALK abnormalities (mutations and amplification) resulting in its protein overex-
pression seem to cause dysregulation of multiple pathways, including the PI3K,
AKT, MEKK3, and MEKS signaling transduction pathways, allowing uncon-
trolled proliferation of neuroblasts [76]. In addition, ALK gene amplification and
F1174 mutations, which are among the most active forms of the mutations in
in vitro assay, are associated with MYCN amplification [77]. However, the prog-
nostic significance of ALK mutations/overexpression has been controversial, and
although ALK protein overexpression can be associated with neuroblastoma
aggressiveness, it may not be an independent prognostic factor. Passoni et al. first
reported immunohistochemical detection of ALK protein in neuroblastoma, and
higher levels of the expression were associated with adverse outcome of the
disease in 2009 [78]. However, Regairaz M et al. later showed that the expression
of ALK and its active form pALK were observed immunohistochemically in
many neuroblastomas independently from ALK mutation/amplification [79].

2. MYC family protein overexpression: MYCN oncogene is considered a major
oncogenic driver of neuroblastoma. MYCN amplification is seen in approxi-
mately 20% of all neuroblastomas, and the vast majority of MYCN-amplified
tumors overexpress MYCN protein. Notably, MYC (aka C-Myc) protein overex-
pression is not associated with MYCN amplification and is observed in ~10% of
all neuroblastomas. Since MYC oncogene amplification seems extremely rare in
neuroblastoma [80], further studies are indicated to determine the mechanism(s)
of MYC protein overexpression in this disease [81]. Apparently, MYCN/MYC-
MAX protein heterodimers both activate downstream molecular targets through
binding to E-box sequences, which consequently leads to aggressive tumor
growth. Indeed, patients with neuroblastomas expressing immunohistochemi-
cally detectable and higher level of MYC family protein (MYCN and MYC)
expression exhibit dismal outcome, and therefore we have defined these neuro-
blastomas as “MYC family-driven neuroblastomas.” Histologically, these neuro-
blastoma cells often show prominent nucleolar formation (nucleolar hypertrophy)
[82], which is indicative of hyperactive rRNA synthesis and protein translation
(Fig. 4.5a, b). The extreme form of the “MYC family-driven neuroblastoma”
displays large cell appearance with bull’s-eye-like vesicular nuclei containing
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Fig. 4.5 MYC family-driven neuroblastomas: MYC protein overexpressing neuroblastoma (a
H&E stain, inset—neuroblasts with nucleolar hypertrophy. b immunostain for MYC protein);
large cell neuroblastoma (¢ H&E stain, inset—neuroblasts with vesicular nuclei and prominent
nucleoli. d immunostain for Phox2b. e immunostain for MYCN protein)

one to few very prominent nucleoli [83] (Fig. 4.5c—e). Large cell neuroblastoma
is also reported to express augmented stem cell markers [84].

Telomere maintenance aberrations: In addition to the fact that MYC family
protein overexpression is the driver of unfavorable and therapy-resistant
neuroblastomas, recent studies have shown that telomere maintenance aber-
rations may account for additional mechanisms that drive therapy-resistant
neuroblastomas [85-87]. Telomere maintenance and elongation could
prevent neuroblasts from replication senescence and cellular death due to
telomere erosion. Accordingly, neuroblasts could acquire infinite proliferating
capability.

(a) Telomere elongation by increased TERT (telomere reverse transcriptase)

activity:

Using immunohistochemical assays, we can identify tumors overexpress-
ing TERT (Fig. 4.6a, b) in both MYC family protein-driven and non-MYC
family protein-driven neuroblastomas in any age groups [88]. These obser-
vations suggest that there are multiple mechanisms for upregulation of TERT
expression; it can be associated with MYCN/MYC protein overexpression,
TERT rearrangements, or rare promoter hypermethylation [85, 86, 89].



4 Neuroblastoma Pathology 73

Fig. 4.6 Neuroblastomas with telomere maintenance aberration: Neuroblastoma with
(a immunostain) or without (b immunostain) TERT (telomerase reverse transcriptase) overex-
pression. Neuroblastoma with ATRX (alpha-thalassemia/mental retardation syndrome
X-linked) loss (¢ immunostain) or ATRX retained (d immunostain)—note ATRX is retained in
the endothelial cells

(b) Alternative lengthening of telomere (ALT) by ATRX (alpha-thalassemia/
mental retardation syndrome X-linked) loss: ATRX mutations are reported in
older children with neuroblastoma (>5 years of age at diagnosis) who have a
very poor prognosis [88]. These tumors are almost exclusively found in non-
MYC family protein-driven neuroblastomas with Unfavorable Histology.
Most of the tumors with ATRX mutations show the ALT phenotype [90].
ATRX mutations causing loss of ATRX expression can easily be detected by
immunohistochemistry (Fig. 4.6¢, d). It has also been reported that there are
very rare neuroblastomas with DAXX mutations, which can also cause ALT
as well [91].

4. Proposed subgroups of Unfavorable Histology neuroblastoma for “precision
medicine”: As we are gaining additional knowledge about the potential molecu-
lar targets that underlie the therapy-resistant phenotypes in Unfavorable
Histology neuroblastoma, incorporating such information into the INPC may
support “precision prognosis and therapy stratification.” By using three (or four)
immunohistochemical stains with anti-pan-MYC antibody (or anti-MYCN and
anti-MYC), anti-TERT antibody, and anti-ATRX antibody, we are planning to
classify Unfavorable Histology neuroblastomas into four subgroups. On the
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basis of the proposed sub-grouping (Table 4.1), it is expected that non-respond-
ers (MYC, TERT, and ALT subgroups) to the current high-intensity multimodal
therapy could be identified and separated from the responders (Null subgroup)
with a high probability, prior to the initiation of therapy. Accordingly, the next
question would be: “What therapeutic options could be available for the non-
responder subgroups?” In the following, we will address some of these issues.

4.7.2 Molecular Targeting Therapies for Unfavorable Histology
Neuroblastoma Resistant to the Current Therapy

Mutually exclusive relationships likely exist among MYC family protein overex-
pression, ATRX loss leading to ALT, and TERT overexpression due to TERT gene
rearrangements, which constitute the vast majority of therapy-resistant and
Unfavorable Histology tumors. Thus, targeted therapies against MYC family pro-
teins, TERT, and ALT should improve the outcome of therapy-resistant tumors.

1. Targeting of MYC family-driven neuroblastoma. In order to develop treatment
strategies for the “MYC family-driven neuroblastomas,” new targets and poten-
tial therapeutic agents should be clearly defined. However, direct targeting of
MYC family proteins with small molecules has turned out to be a highly formi-
dable task [92]. Hence, many have sought indirect approaches to downregulate
MYC family protein expression in cancer cells. The strategies currently under
consideration include, but are not limited to, transcriptional repression of MYCN/
MYC genes by BET bromodomain inhibitors [93, 94] and CDK (cyclin-
dependent kinase) inhibitors [95, 96] or destabilization of MYCN by Aurora
kinase A inhibitors [97].

We have recognized that Unfavorable Histology tumors with high levels of
MYC family protein expression tend to exhibit hypertrophic nucleoli [82], indicat-
ing that the tumor cells are highly active in rRNA synthesis and protein translation.
Small molecule inhibitors, including CX-5461 (a potent RNA Pol I inhibitor) and
halofuginone (a potent protein translation inhibitor) could therefore effectively tar-
get these pathophysiological features. As we have shown, these inhibitors in fact
downregulate MYC family protein expression in neuroblastoma cells [98].

2. Targeting of TERT-overexpressing neuroblastoma: TERT is the protein compo-
nent of telomerase, which also includes TERC (telomerase RNA component).
For those patients with TERT-overexpressing neuroblastoma, telomerase inhibi-
tors can be considered. Imetelstat (GRN163L) [99] potently and specifically
inhibits telomerase by binding with high affinity to TERC. Interestingly,
sorafenib has been shown to synergize with imetelstat to inhibit the growth of
mouse xenografts of human cancer [100]. Sorafenib is a FDA-approved kinase
inhibitor [101], but its synergistic effect with imetelstat appears to be due to the
p21 attenuating activity [100]. Based on these observations, a combination of
imetelstat and sorafenib may prove more efficacious than imetelstat alone in
those neuroblastomas with elevated telomerase activity.
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3. Targeting of ALT (alternative lengthening of telomere)-phenotype neuroblas-
toma. ALT inhibition could also be considered for those patients with neuro-
blastoma that have ATRX loss. However, because ATRX loss is due to structural
alterations in ATRX gene [102], it would be difficult to regain the expression of
ATRX expression in neuroblastoma. If so, is there any other way through which
the ALT phenotype can be suppressed? To address this question, we need to
understand the mechanism of how ATRX loss leads to ALT. It has become evi-
dent that the acquisition of the ALT phenotype utilizes the DNA replication
stress response [103], which involves a cascade of events, including the obliga-
tory activation of ATR (Ataxia Telangiectasia and Rad3 related) kinase.
AZD6738 is a novel potent and selective inhibitor of ATR kinase with ICs,
values of less than 1 pM in cell-based assays [104] and would effectively target
ALT tumor cells.

4.8 Conclusions

Tumors of the neuroblastoma group are the most common extra-cranial solid
tumors in the pediatric age group. Although many patients with neuroblastoma do
well, those with biologically unfavorable characteristics continue to have a
guarded prognosis. Currently, pathologists play a crucial role in the diagnosis and
treatment of these patients by applying the International Neuroblastoma Pathology
Classification (INPC) and identifying bone marrow involvement, as these are crit-
ical steps in assigning these patients to appropriate treatment regimens. In
response to the challenge of treating high-risk neuroblastoma, we are prompted to
explore a new direction of pathology research toward precise pathway-targeting
medicine for personalized treatment options. In other words, we are shifting our
focus from “Looking for Prognostic Factors” to “Searching for Actionable/
Druggable Targets.” In this chapter, based on our recent efforts, we propose to
modify the INPC by incorporating the immunohistochemical status of potentially
druggable targets, such as MYCN/MYC protein overexpression, TERT (telomer-
ase reverse transcriptase) overexpression, and ALT (alternative lengthening of
telomere) phenotype.
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5.1 Introduction

Medical imaging plays an essential role in the management of neuroblastic tumours.
Imaging is usually the first step for initial diagnosis and disease staging, including
identification of image-defined risk factors (see Sect. 5.4). Imaging is used during
percutaneous needle biopsy procedures to guide the needle tract and select the opti-
mal target areas (see Sect. 5.4). Response assessment during chemotherapy is based
on both anatomical (tumour volume) and functional imaging (nuclear medicine).
Imaging is used for postoperative assessment to identify potential residual disease
and surgical complications. The treatment planning for radiation therapy that is rec-
ommended for high-risk neuroblastoma (NB) is based on imaging data. Finally,
long-term post treatment follow-up includes recurrent imaging which should be
adjusted to the risk of local or distant relapse.

Different imaging modalities can be employed to evaluate disease and have clini-
cal usefulness in different ways. This chapter will give insights into the workings of
the varying imaging modalities to help the reader understand when to employ which
modality. The goal is to improve understanding, communication and cooperation
between paediatric surgeons, paediatric oncologists, radiation oncologists and
radiologists.
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5.2 Imaging Modalities: Technical Aspects
and Rational for Use

5.2.1 PlainFilms

The role of conventional radiology in NB patients is limited. However, some typical
radiological patterns should be recognized as they can reveal the disease.

In the chest, NB can manifest as an opacity or mass in the posterior mediasti-
num (Fig. 5.1a, b) and plain radiography is usually relatively sensitive for the
detection [1]. A posterior mediastinal mass is suspected in case of disturbance of

Fig. 5.1 A 3-year-old girl with localized chest nodular ganglioneuroblastoma (INSS stage 1,
INRGSS L2). Chest X-ray (a, b) showing a typical right posterior mediastinal mass (arrows).
Contrast-enhanced CT-scan (c) transverse view. The tumour (asterisks) arises from the right para-
vertebral sympathetic chain and contains stippled calcifications. It displaces anteriorly the right
bronchus. Intraspinal epidural invasion is visible as a thin enhanced crescent (arrowhead). MIBG
scan (d) shows tumour uptake (arrow) without distant metastasis
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the paraspinal lines or an abnormal contour behind the normal cardio-mediastinal
opacity. Other manifestations are widened or subtle erosion of the posterior ribs
or vertebral pedicles, the latter indicating extension into the vertebral canal [1].
Thoracic NB can demonstrate calcification on plain film (coarse or finely stip-
pled) in 30% of cases, and such finding in young children leads to a high likeli-
hood of NB [2].

In the abdomen, plain radiographs have very limited usefulness and should be
avoided as a general rule, ultrasound examination being a far more useful test in the
setting of a palpable mass. NB in the abdomen usually manifests as a nonspecific
mass. Calcification may be seen in up to 10% at diagnosis.

Bone metastases may be picked up on skeletal plain films. Bone metastases
occur in about one half of NB patients; therefore, they are a frequent manifestation
of the disease. Initial presentation may be with bone pain or a pathological fracture.
Bone metastases are generally lytic and ill-defined, with or without a periosteal
reaction. Sclerotic metastases are uncommon. Bone metastases occur in the most
vascularized growing areas of bones. Therefore, in long bones they occur in the
metaphysis and may mimic osteomyelitis. Less frequently, they present as lucent
zones instead of more focal round lesions, mimicking leukemic infiltration [1]. The
axial skeleton is also frequently involved, especially the pelvic bones, the spine, the
skull and skull base, typically along cranial sutures. The orbital wall includes many
sutures and is frequently involved, leading to the classic “raccoon eyes” (periorbital
eyelid ecchymoses) [3] or exophtalmia with periorbital and cranial bumps
(Hutchinson syndrome). Intracranial epidural infiltration is common, leading to
sutural widening [1].

5.2.2 Ultrasonography

Ready availability, real-time imaging and lack of ionizing radiation make ultraso-
nography (US) an effective tool for the study of NB in children. Traditionally, US is
the first choice imaging modality for the initial evaluation of a possible abdominal
or cervical NB. US is also the method of choice for image-guided needle biopsy.

The limitations of the technique are (1) a relatively low interobserver reproduc-
ibility, (2) the acoustic shadowing caused by intestinal gas and large calcifications
and (3) a marked limitation in retrospective review of the data which is mandatory
for data collection and follow-up in clinical trials. Consequently, NB patients require
in most cases additional imaging with MRI and/or CT for staging and treatment
planning.

Abdominal NB commonly appears as an inhomogeneous or homogeneous,
slightly hyperechoic retroperitoneal mass. It may have well-defined margins and be
limited in size (Fig. 5.2a), or it can be very large, crossing the midline. Calcifications
are frequently observed (Fig. 5.3a). On colour Doppler, the mass usually appears
vascularized (Fig. 5.2b). The tumour may include necrotic areas. A cystic pattern is
frequently observed in adrenal NB in newborns and infants (Fig. 5.4).
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Fig. 5.2 A 10-month-old boy with left adrenal neuroblastoma. Ultrasonography showed a left oval,
slightly hyperechoic suprarenal mass with sharp margins (a), richly vascularized on colour Doppler (b)

Fig. 5.3 An 18-month-old boy with cervicothoracic neuroblastoma. Ultrasonography showed a
solid cervical mass with sharp margins and scattered calcifications. The common carotid artery and
internal jugular vein were not seen (a). On contrast-enhanced CT, coronal image (b) showed a
large right-sited thoracic mass extending from the postero-superior mediastinum to the neck

In addition to mass size, site, echostructure and vascularization, the involvement
of adjacent vessels and organs (mainly liver and kidneys) can be preliminarily
assessed.

The liver should be carefully assessed for possible secondary involvement, usu-
ally represented by multiple hypoechoic nodules of varying size.

The kidney can be displaced by a large NB, sometimes causing hydronephrosis,
but also directly invaded through the hilum or the cortex.

Primary cervical NB is rare and usually observed in infants. Very rarely, a cervi-
cal NB may be part of a thoracic tumour extending to the neck. On US, it is gener-
ally echogenic but, if necrosis occurs, scattered hypoechoic foci may be seen.
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Fig.5.4 A 6-day-old newborn with detection on ultrasonography of a right cystic suprarenal mass
(a), associated with slightly increased excretion of urinary catecholamines. Vascularization was
only peripheral on colour Doppler (b). After 2 weeks, the size of the mass appeared unchanged,
whereas a large amount of debris was present (c¢). After 6 weeks, the mass appeared partially solid
(d), with no evidence of vascularization on colour Doppler (e). At 23 weeks of age, the mass
appeared mostly solid and slightly reduced in size (f). At 31 weeks of age, the mass was smaller
and hyperechoic with tiny calcifications (g). Finally, at 45 weeks of age, CT contrast-enhanced
coronal image showed an almost complete regression of the mass (h). These findings and their
evolution show the spontaneous regression of a neonatal adrenal neuroblastoma
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Fig.5.4 (continued)

The relationship of the mass with the carotid artery and internal jugular vein should
also be assessed during the examination (Fig. 5.3).

In newborns and infants, the spinal canal content can be assessed by US. Although
MRI is the optimal method, assessment of the spinal canal may be immediately
performed for young children with neurological signs and suspected chest or lum-
bar NB.

5.2.3 Computed Tomography

Computed tomography (CT) is widely available and can usually be rapidly obtained
in emergency situations. Multi-detector row CT machines allow extremely fast
acquisitions (about 5-10 s) allowing performing the examination of the whole trunk
without any sedation and providing excellent image quality without motion arte-
facts. Post-processing softwares allow multiplanar reconstructions (MPR) provid-
ing accurate coronal and sagittal views (Fig. 5.5) and maximum intensity projection
(MIP) reconstructions for vascular analysis (Fig. 5.6d). The spatial resolution of CT
is high allowing the analysis of small structures, especially small vessels. For
patients requiring radiation therapy, most treatment planning systems still use CT
data. Finally, compared to MRI, the quality of CT scan is still much more reproduc-
ible among centres. As a result, CT is frequently the preferred technique among
non-radiologist physicians involved in cancer management.

The use of intravenous iodine contrast agent is mandatory in order to enhance the
soft tissue contrast and for assessing relationships between the tumour and adjacent
vessels. Except in case of renal failure, contrast agents are well tolerated by children
and adverse allergic reactions remain exceptional.

However, a major limitation of CT is the associated radiation exposure. Repeated
examinations may lead to substantial cumulative doses, and children are known to
have a higher inherent sensitivity to ionizing radiations [4]. Although the risk



5 Radiology 93

Fig.5.5 A 4-year-old girl with localized prerenal neuroblastoma (MYCN non-amplified, segmen-
tal chromosome alterations, INSS stage 3, INRGSS L2). Contrast-enhanced transverse CT scan
(a), sagittal (b) and coronal (c¢) views. The tumour demonstrates moderate and heterogeneous
enhancement. The tumour arises from the periarterial sympathetic fibres. It displaces upwards and
forward the left renal pedicles (artery, arrow; vein, dotted arrow)
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Fig. 5.6 A 4-year-old boy with localized lumbar ganglioneuroblastoma (numeric chromosome
alterations, INSS stage 3, INRGSS L2). Contrast-enhanced transverse CT scan (a, b), sagittal (c)
and MIP coronal (d) views. The tumour demonstrates intense and heterogeneous enhancement.
The tumour arises from the left paravertebral lumbar sympathetic chain. It encases left primitive,
internal and external iliac arteries (arrows), infiltrates the L5-S1 left foramina and adjacent epi-
dural space (dotted arrows)

associated with low-dose exposures is still a matter of debate [5], CT scanning
should be used as sparingly as possible especially in children exposed in parallel to
drugs which can cause genetic mutations. If done, the CT dose must be optimized
for each examination; repeated examinations should be avoided by using alternative
methods such as US and MRI.
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In daily practice, sedation is no more used, provided there is adequate immobili-
zation of young children. The use of oral contrast agent (or water) to delineate the
digestive tract is no more required. Unenhanced series better depict subtle intratu-
moural calcifications but are not mandatory and should only be used in doubtful
cases and focused on the tumour only. One contrast-enhanced series is usually suf-
ficient to assess the tumour extent. Well-tolerated contrast agents (low osmolarity,
nonionic with 300-350 mg/L iodine concentration) should be used with a total vol-
ume of 1.5-2 mL/kg. The perfusion rate should be adapted to patients’ age and to
the IV line diameter, usually between 0.8 and 2 mL/s to ensure appropriate enhance-
ment and preferably performed with an automatic injection device. The scan delay
should be adjusted in order to get both arterial and venous enhancement and depends
on the patient’s age, the anatomic region assessed and the acquisition time. The
beam collimation depends on the CT machine, but the nominal slice thickness
should be 0.5-1.5 mm and the reconstruction thickness between 2 and 4 mm.
Recommended pitch values are between 1 and 1.5 providing a reasonable compro-
mise between a short acquisition time and sufficient z-resolution. Tube voltage and
current should be adapted to the patient’s age and weight and to the anatomic region
studied. The tube voltage is usually set between 70 and 100 kVp. The mAs must be
adjusted to obtain a final mean absorbed dose (CTDIvolume) in agreement with the
current paediatric recommendations or dose reference levels [6, 7] without jeopar-
dizing image quality. Iterative reconstruction is very useful to increase the signal-to-
noise ratio and the low-contrast detectability and optimize the radiation dose [8].

The CT pattern of NB is very variable according to the patients’ age, histologic sub-
type and tumour size. Slow-growing and well-differentiated tumours appear as well-
delineated homogeneous soft tissue masses (Fig. 5.7), with or without calcifications and
usually with limited and low enhancement. Rapidly growing large NBs are more fre-
quently heterogeneous, commonly contain necrosis and calcifications (Fig. 5.8.). As

Fig. 5.7 A 16-year-old boy with retroperitoneal ganglioneuroma (INSS stage 3, INRGSS L2).
Contrast-enhanced transverse CT scan views. The tumour arises from the periaortic sympathetic
chains and typically demonstrates low density with little enhancement. The mass encases (arrow-
heads) the major aortic branches (celiac, hepatic, splenic, superior mesenteric and the right renal
arteries), as well as the inferior vena cava (arrow). The duodenopancreatic bloc and the portal vein
(dotted arrow) are anteriorly displaced
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Fig. 5.8. A 14-month-old boy with localized left adrenal neuroblastoma (MYCN non-amplified,
segmental chromosome alterations, INSS stage 3, INRG L2). Contrast-enhanced transverse CT
scan (a) and MPR coronal (b) views. The tumour demonstrates low central calcifications (arrow-
heads) and moderate and heterogeneous enhancement. The mass displaces the upper pole of the
left kidney and the renal pedicle (arrows)

previously described for US, a cystic pattern is common in newborns and infants with
adrenal primaries. The enhancement after contrast injection of the solid part of the
tumour is variable and usually moderate. These findings are nonspecific. The radiologi-
cal diagnosis of NB is not based on specific measurable densities or enhancement but
rather on the anatomic location of the mass and typical pattern of locoregional or distant
extensions, interpreted with the background clinical information.

5.2.4 Magnetic Resonance Imaging

MRI has been long recognized as an effective imaging method for assessing neuro-
blastoma (NB) [2, 9-13]. Compared to CT, MRI provides a higher contrast resolu-
tion in soft tissues and offers the main advantage of not using ionizing radiation. In
patients with intraspinal extension, MRI is the recommended imaging modality
because of the excellent visualization of the spinal cord, nerve roots and subarach-
noid spaces [13].

However, MRI is also associated with some limitations: (1) a lower availability
in many countries, compared to CT, and (2) the need for sedation or general anaes-
thesia in young children because of a long acquisition time (several minutes) and a
high sensitivity to motion artefacts. A downside of anaesthesia is the complex logis-
tics such as providing MRI-safe equipment, an anaesthesiologic team and arranging
for pre-MRI sedation and post-MRI recovery. Another possible disadvantage is a
potential neurotoxic effect of anaesthesia on the developing central nervous system,
although this is still controversial [14—16]. Therefore, the risk associated with seda-
tion or general anaesthesia must be balanced with the risk of radiation exposure
from CT. This safety issue is currently a matter of debate in the paediatric radiology
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literature [17]. As such, anaesthesia should be employed whenever necessary, but
alternative measures such as a child-friendly environment allowing the child to try
out the MRI before the examination itself can in some cases avoid anaesthesia.
Babies up to 6 months usually do not need anaesthesia because they tend to do well
by using the “feed and wrap” technique. This is done by feeding the baby just before
the MRI and wrapping them comfortably, causing them to sleep through the exami-
nation with little to no movement artefacts.

The need for intravenous gadolinium contrast injection to assess NB extension is
still a matter of debate [13]. Gadolinium actually improves the assessment of infiltra-
tion into adjacent tissues and tumour vascularity. However, T1- and T2-weighted
sequences provide excellent contrast resolution, and sufficient display of vessels can
be achieved without the use of contrast media [9]. In one study, the accuracy of
T2-weighted and post-gadolinium T1-weighted sequences in defining local regional
extent were compared, and no difference was found [18]. The increasing use of dif-
fusion-weighted imaging (DWI) may also reduce the need for injected contrast
agents in a near future. In one recent study [19], lesion conspicuity, as measured by
signal intensity ratio, was found to be superior on DWI compared to contrast-
enhanced T1 sequences. Moreover, recent safety concerns raised since the repeated
use of gadolinium-based contrast agents can lead to free gadolinium deposits in nor-
mal tissues, especially in the brain [20, 21]. Since reported cases were associated
with “linear” agents, the so-called “macrocyclic” gadolinium contrast agents are now
preferred [22-24]. Lastly, gadolinium should be avoided in children with renal func-
tion impairment because of the risk of secondary nephrogenic systemic fibrosis [25].

In routine practice, safety rules include systematic auditory protection (to reduce
the noise from gradient commutators) and monitoring of the specific absorption rate
(SAR), especially in infants and newborns. Although no radiation is involved, the
radiofrequency pulses contain energy and will give off part of that energy as heat.
This is measured using the SAR (expressed in W kg=!, 1 W kg~! applied for 1 h
would increase the body temperature by 1 °C). All MRIs are built in such a way that
the amount of energy given in the form of radiofrequency pulses is monitored and
limited according to the patients’ weight. In addition, the imaging protocols and
sequences will take this limitation into account, and the radiographer controlling the
machine monitors the SAR reading.

There are a variety of MR sequences that can be utilized. Sequences and settings
vary between manufacturers, specific machines, technical specifications and the
preferences of the local radiologist. However, T1- and T2-weighted sequences still
are the basis of any protocol. Table 5.1 is an example of a routine protocol used in a
paediatric MR unit. Most sequences are—unlike CT—not 3D datasets but instead
acquired as slabs of data with small gaps of missing data in between slices. Three
dimensional datasets can be acquired with MRI and then, like CT, allow for multi-
planar reconstruction, but 3D sequences are more time consuming and therefore
more susceptible to movement artefacts. For each sequence, a compromise must be
obtained between spatial resolution, signal-to-noise ratio and acquisition time.
When performed, gadolinium-enhanced sequences are always T1-weighted, and a
fat-suppression technique (based on spectral saturation or selective water excitation,
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Table 5.1 Example of MRI protocol

Sequence | Plane Gadolinium Fat suppression Voxel dimensions (mm)
STIR Coronal No Yes 0.6x0.6%x6
Transverse No Yes 05%x05x%x9
3D-T2 Isotropic No No 0.9x0.9x0.9
DWI Transverse No No 2x2x%x5
T1 Transverse No No 0.5%x05x%x5
T1TSE Transverse No Yes 1.2x1.2%x5
Transverse Yes* Yes 1.2x12x5
3Optional

inversion-recovery or Dixon technique) is ideally applied to allow for better detec-
tion of enhancement, especially against fatty tissues. T2-weighted sequences can
also benefit from fat suppression.

Artefacts are related to diaphragmatic or cardiac movement and vessel pulsation.
Cardiac and diaphragmatic movement artefacts can be reduced or resolved by gat-
ing the heart rate and diaphragmatic movement (heart gating, respiratory triggering
or echo-navigator).

Acquisition planes should always include the axial plane and at least one longi-
tudinal (mostly coronal) plane [13]. A three-plane study is recommended for para-
spinal NBs to assess foraminal and intraspinal invasion with coronal views showing
all foraminal and intraspinal tumour extent on the same image [13] and a sagittal
view to precisely define the vertebral levels involved.

Signal intensity of NB is usually high on T2 and intermediate on T1 at diagnosis
[2]. After treatment, the tumour may be fibrotic and variably calcific, which results
in a decrease of signal intensity on both T1 and T2 sequences [26]. The mass lesions
may contain calcifications or necrosis and so may have a heterogeneous appearance
on all sequences. The lesions demonstrate homogeneous or heterogeneous enhance-
ment after gadolinium administration.

Diffusion-weighted imaging (DWI) is a functional MRI technique increasingly
used, especially in oncology. Since the acquisition time is short, those sequences
can be easily added to routine protocols. DWI assesses the random movement (so-
called Brownian motion) of water protons located in the extracellular space of living
tissues [27]. In a relative unrestricted container of water (e.g. the urinary bladder), a
high degree of free movement will be shown. However, in a tightly packed piece of
tissue with a high concentration of small cells such as a malignant tumour, diffusion
in the extracellular spaces will be restricted and thus a high signal will be seen [28].
Information is provided by both native sequences obtained with variable motion-
probing gradients (“b-values”, expressed in sec mm~2) and reconstructed parametric
maps based on the calculated ADC values (apparent diffusion coefficient, expressed
in mm? sec™). In oncology, DWTI is considered as an in vivo marker strongly related
to cellular density (Fig. 5.9b). However, interpretation of DWI should always be
performed by comparison with conventional T1 and T2 sequences. Possible pitfalls
include tumour necrosis which, both at presentation and in response to treatment,
can have restricted diffusion because of cell degradation products limiting water
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Fig. 5.9 (a) Coronal T2W image shows a central lower and upper abdominal mass lesion, which
is encasing the descending thoracic aorta. There is a right pleural effusion, oedema in the right
chest and lymphadenopathy in the left supraclavicular area, a further area of neuroblastoma. (b)
Axial ADC map of the same patient at the left of the right kidney shows widespread dark signal
indicating restricted diffusion and high cellularity in the neuroblastoma masses

diffusion, fibrosis which also lead to apparent restriction because of low water con-
tent or haemorrhage which can mimic restrictive diffusion because of blood degra-
dation products.

Several studies specifically focused on DWI in neuroblastic tumours. One pre-
liminary study [29] reported ADC values and confirmed the link between ADC and
cellular density. Another study [30] demonstrated a significant difference of the
ADC of NB compared to the ADC of ganglioneuroma/ganglioneuroblastoma.
Recent studies [19, 31] suggested that DWI can distinguish between NB and gan-
glioneuroblastoma versus ganglioneuromas with high certainty and could provide
plausible quantitative data (ADC) on tumour response to therapy. The rationale for
use of this technique for NB is still a matter of research but could further help for
both diagnostic and response assessment.

5.2.5 Nuclear Medicine

123]-metaiodobenzylguanidine (mIBG) scintigraphy is a major imaging technique
for the study of NB, especially to assess the metastatic disease. Guidelines have
been published for mIBG scanning in children [32-34]. Since there is no physiolog-
ical uptake of mIBG in the bone and bone marrow, mIBG is an accurate method for
detecting osteomedullary metastases, its sensitivity and specificity being estimated
at 90% and 100%, respectively [35, 36].

The role of nuclear medicine in NB is described in Part III.

5.2.6 DICOM Data Storage

Since almost all NB patients are included in national or international trials including
retrospective reviews of imaging, it is of major importance that all imaging data are
stored in a picture archiving and communication system (PACS). The recommended
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format is the internationally accepted DICOM format (Digital Imaging and
Communications in Medicine, http://medical.nema.org/).

5.3 Diagnostic Imaging at Diagnosis
5.3.1 Classical Imaging Patterns

Imaging patterns of neuroblastic tumours have been thoroughly described [1-3, 9—
11, 37-40]. Ganglioneuroma is a slow-growing localized and usually relatively
homogeneous tumour and without significant enhancement or MIBG uptake. Apart
from this specific benign histologic subtype, the anatomical imaging characteristics
of other neuroblastic tumours are relatively similar [1]. The histological subtypes
cannot be discriminated by imaging and still rely on pathologic analysis.

However, the diagnosis of neuroblastic tumour is usually suspected with a high
degree of confidence on the basis of both the patient’s age and the anatomic
location:

e The median age at diagnosis is about 16 months, and 95% occur by 7 years of
age [41, 42].

e The most common sites of origin are the adrenal region (48%), extraadrenal
retroperitoneum (25%) and chest (16%). Less common sites are the neck (3%)
and the pelvis (3%) [41].

Recent studies [43] suggested using an anatomic classification based on the sym-
pathetic origin of the tumour rather than the anatomic compartment only. Actually,
imaging efficiently depicted the sympathetic origin of the tumour and is signifi-
cantly related to the tumour genomic profile and patients” outcome [43]:

e Cervical NBs typically arise from the superior cervical sympathetic chain
(Fig. 5.10) located in the vascular (retrostylian) space behind the internal carotid
artery. These tumours extend anteriorly and laterally, displacing the carotid
artery and internal jugular vein, or medially, compressing the airway and upwards
to the skull base.

e Cervicothoracic NBs arising from the stellate ganglion (located above the sub-
clavian artery at the level of the origin of the vertebral artery) are rare but associ-
ated with particular imaging patterns [44]. Foraminal and intraspinal extensions
may be associated.

e Chest NBs chiefly arise from the paraspinal sympathetic chains in the posterior
mediastinum (Fig. 5.1). The descending aorta may be displaced or even encased.
Foraminal and intraspinal extensions (“dumbbell” tumours) are often present
and may lead to spinal cord compression. Infiltrating mediastinal tumours aris-
ing from the periaortic sympathetic plexuses occur less commonly.

e Abdominal NBs arise either from the adrenal gland (Figs. 5.8., 5.11, 5.12, and
5.13), from sympathetic ganglia (celiac, superior and inferior mesenteric gan-
glia) or from sympathetic fibres and plexuses located along the aorta and its main
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Fig.5.10 A 3-year-old
girl with localized cervical
intermixed
ganglioneuroblastoma
(INSS stage 1, INRG L1).
Contrast-enhanced
transverse CT scan view.
The tumour (asterisk)
arises from the right
cervical sympathetic chain
and displaces anteriorly the
carotid artery (arrow) and
the internal jugular vein
(arrowhead). The tumour is
not calcified and partially
enhanced by iodine
contrast

Fig. 5.11 An 11-month-old boy with metastatic left adrenal neuroblastoma (MYCN amplified,
INSS stage 4, INRGSS M). Contrast-enhanced CT-scan coronal (a) and transverse views (b, ¢).
The tumour demonstrates moderate and heterogeneous enhancement. The mass displaces the
upper pole of the left kidney and encases the renal pedicle (arrows). Regional lymph node involve-
ment in the lower mediastinum is visible (dotted arrows)
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branches (Figs. 5.5, 5.7, and 5.14). Therefore, detailed analysis of all arteries and
veins is critical (aorta, celiac axis, superior and inferior mesenteric arteries, renal
arteries and veins, inferior vena cava, iliac arteries and veins, portal vein). The
tumour may invade the adjacent organs and structures (liver parenchyma or
hilum, diaphragm, kidneys, duodeno-pancreatic block). The mesentery may be
infiltrated, especially by tumours arising from the Zuckerkandl organ (at the ori-
gin of the inferior mesentery artery) (Fig. 5.15).

Fig.5.12 (a) Axial T2W image in a 19-month-old child shows a right suprarenal mass and retro-
crural tumour also. (b) More inferiorly the mass is seen to be displacing the aorta anteriorly with
encasement of the aorta and IVC also. Tumour extends to the left renal hilum with left-sided
hydronephrosis

Fig.5.13 (a) Coronal T2W image showing a mainly left-sided mass encasing the abdominal aorta
and both renal arteries. The mass is causing left-sided hydronephrosis. (b) More posteriorly the
heterogeneous appearances to the vertebral marrow are due to vertebral bone marrow metastases
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Fig.5.14 (a) Coronal T2W image showing numerous liver metastases (the darker liver signal is
normal liver) with a central abdominal mass in a 2-year-old. (b) Axial T2W image in the same
patient better depicting the central abdominal mass which is encasing the aorta and superior mes-
enteric artery. (¢) Follow-up MRI at day 70. There has been considerable tumour shrinkage and the
mass is less conspicuous than at diagnosis. (d) Contrast-enhanced CT done at the same time, for
surgical planning purposes, reveals widespread calcification in the residual tumour, which was not
apparent on the MRI

e Lumbar paraspinal NBs are less common. Frequently classified as “abdominal”
locations because of their anterior extension (Fig. 5.6), these tumours are associ-
ated with foraminal and intraspinal extension (dumbbell tumours) sharing the
same pattern as mediastinal primaries.

e Pelvic NBs mainly arise from either the upper hypogastric sympathetic plexus or
presacral sympathetic ganglia. Pelvic organs are usually anteriorly displaced.
Extensions occur along the iliac vessels and into lumbosacral foramina and, less
frequently, laterally into the gluteal region through the greater sciatic foramen.

e Multifocal primary NBs are rare and may be familial [45, 46]. They can manifest
as synchronous or metachronous non-contiguous tumours.
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Fig. 5.15 A 4-year-old boy with localized abdominal intermixed ganglioneuroblastoma (INSS
stage 1, INRGSS L1). Contrast-enhanced transverse CT scan view. The tumour demonstrates mod-
erate and heterogeneous enhancement. It probably arises from the Zuckerkandl organ and encases
partially the aorta (arrow) and totally the inferior mesenteric artery (dotted arrow)

5.3.2 Specific Diagnostic Issues

5.3.2.1 Differential Diagnosis of Retroperitoneal Solid Tumours
During Childhood

A common challenge for radiologists is the differential diagnosis between renal and
extrarenal retroperitoneal tumours, i.e. between NB and nephroblastoma, since both
occur within the same age group [47]. Actually, nephroblastoma may be exophytic
and associated with enlarged lymph nodes, whereas NB may directly invade the
renal parenchyma leading to relatively similar radiological patterns (Fig. 5.16). In
nephroblastoma, the mass rarely crosses the midline, the vessels are much more
frequently displaced than encased, and calcifications are rarely seen. Although those
criteria are helpful, none is 100% specific. Therefore, in difficult cases the final
diagnosis relies on specific tests (urinary catecholamines, MIBG scan) or on histol-
ogy after percutaneous needle biopsy.

5.3.2.2 Suprarenal Masses of the Foetus and Newborns

Imaging has gained a pivotal role in the antenatal evaluation of suprarenal masses.
The routine use of foetal US has made the observation of prenatally detected supra-
renal masses a relatively common situation. In most cases, they are observed in the
third trimester of pregnancy [48]. Not all suprarenal foetal masses are NBs, but most
NBs observed in the foetus or newborn appear as suprarenal masses [49]. The dif-
ferential diagnosis of these masses mostly includes benign conditions such as adre-
nal haemorrhage, congenital adrenal hyperplasia, subdiaphragmatic extralobar
pulmonary sequestration and bronchogenic cysts.

Prenatally detected or neonatal NB represents a relatively benign condition,
the survival rate being more than 90%, with INSS stage | at presentation in most
cases, with generally favourable biological and histological features in most
cases [50].
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Fig. 5.16 The differential diagnosis between neuroblastoma and Wilms tumour may be difficult.
Contrast-enhanced transverse CT scan (b, d) and coronal (a, ¢c) MPR views. (a, b) A 6-year-old girl
with exophytic upper pole Wilms tumour of the right kidney (intermediate-risk histology, local stage
3, lung metastases). Inferior vena cava thrombosis (arrows) is seen in about 10% of Wilms tumour
and remains exceptional in neuroblastoma. (¢, d) A 3.5-year-old boy with left adrenal neuroblas-
toma (MYCN non-amplified, segmental chromosome alterations, INSS stage 3, INRGSS L2). The
renal pedicle is encased within the tumour (arrows) which is uncommon in Wilms tumour. The
cortex of the left kidney (arrowhead) is still visible in relation to extrarenal origin of the tumour

On US, the appearance of prenatal or neonatal adrenal NB can be cystic (55%),
solid (17.5%) or heterogeneous (27.5%) [51]. However, these findings may not dif-
fer from those observed in other suprarenal neonatal masses, especially adrenal
haemorrhage (Fig. 5.17). Furthermore, the role of urinary assay in pinpointing NB
is very limited, having a sensitivity of 52% and a negative predictive power 46% in
newborns and 36% and 72%, respectively, in prenatally detected NB [48]. Similarly,
the sensitivity and negative predictive power of MIBG may be limited, being 70%
and 55%, respectively [48].

Therefore, the differential diagnosis of a neonatal suprarenal mass can be diffi-
cult at the first observation. In order to facilitate the diagnosis, a series of features
should be thoroughly assessed with US including mass size and echostructure and
their evolution during follow-up, and mass vascularization [52]. A palpable or large
(diameter >5 cm) mass is probably a NB [48]. During follow-up, a mass remaining
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Fig. 5.17 A 5-day-old newborn with adrenal haemorrhage. At 5 days of age, ultrasonography
showed a solid mass in the right suprarenal region (a). After 40 days, the same mass appeared more
hypoechoic and surrounded by a hyperechoic shell; vascularization of the mass was not seen with
colour Doppler (b). After further 2 months, the suprarenal mass was smaller, whereas the echo-
structure appeared unchanged (c). At 6 months of age, ultrasonography showed a very small, cal-
cific mass (d)

stable or increasing in size is probably a NB, while a mass becoming heterogeneous
with internal echoes and late appearance of calcifications and/or progressively
decreasing in size on serial US is very probably an adrenal haemorrhage [53]
(Fig. 5.17). Even a non-metastatic neonatal adrenal NB can regress in a few months,
especially when it is initially cystic [54] (Fig. 5.4).

US Doppler may also play a role in differential diagnosis, showing vasculariza-
tion within a solid NB, peripheral vascularization in a cystic NB, a systemic vessel
originating from the aorta in an extralobar pulmonary sequestration [54] (Fig. 5.18)
or the absence of vascularization within an adrenal haemorrhage. However, none of
these findings are pathognomonic or consistently observed.

The awareness that foetal or neonatal asymptomatic suprarenal masses—non-
metastatic NB included—have a benign course in most cases and may often
regress led to a recent trial based on the European Low and Intermediate Risk NB
protocol (https://clinicaltrials.gov/ct2/show/NCT01728155). According to this
protocol, an observational approach is recommended in case of suprarenal masses
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Fig. 5.18 A 5-day-old newborn with left pulmonary subdiaphragmatic sequestration.
Ultrasonography showed a hyperechoic mass in close relationship with the adrenal gland (a); the
hyperechogenicity of the lesion results from the many interfaces produced by multiple microscopi-
cally dilated structures such as bronchioles, ducts and alveoli. A systemic arterial vessel feeds the
mass (b)

smaller than 5 cm and observed during pregnancy or within 90 days from birth.
This approach is based on a wait-and-see attitude until 48 weeks of age, a period
in which there could be a spontaneous regression of the mass, making it possible
to avoid surgical resection and its possible complications. US plays a pivotal role
during this observation period in detecting mass shrinkage, or persistence, or
increase in size. The mass will be resected in case of persistence after 48 weeks of
age or increase in size.

5.3.2.3 Occult Neuroblastoma: Imaging Strategy

Imaging has a major role in the depiction of the primary tumour especially in case
of disease revealed by metastases, or in patients presenting with paraneoplastic
opsoclonus-myoclonus syndrome (OMS) [39]. Although chest X-ray and abdomi-
nal US are traditionally performed upfront, CT/MR imaging of the chest and abdo-
men are considered the most accurate tests to detect occult neuroblastoma [55].
MIBG is also usually performed in OMS [56], but poorer sensitivities have been
noted for MIBG and urine catecholamines, reflecting the low metabolic activity of
these tumours [55].

5.4 Imaging for Initial Staging

The rationale for use of the various imaging techniques is currently based on the
international consensus published in 2011 [13] although these recommendations
will certainly be further updated according to technical improvement. Imaging
guidelines of the numerous trials should rely on such consensus reports to ensure
appropriate recommendations.
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The mandatory examinations for initial staging are:

e MRI or contrast-enhanced CT of the primary tumour compartment
e Chest X-ray
e MIBG scan

Optional examinations are:

e FDG-PET if the primary tumour is not MIBG avid or has been previously removed
[57]

* Localized bone plain film if single equivocal skeletal uptake on MIBG

e Liver imaging (US, CT or MRI) if not assessed with the primary (outside the
abdomen)

e Contrast-enhanced chest CT if pleuro-pulmonary clinical or radiological
abnormalities

e Brain MRI or contrast-enhanced CT if abnormal neurologic symptom (other
than spinal cord compression) or abnormal skull base or orbit uptake on MIBG

Disease staging is based on two different classifications (see tables Part IT) which
are currently used in parallel: (1) the International Neuroblastoma Staging System
(INSS) developed in 1988 [58] and modified in 1993 [59] and based on surgico-
pathological findings and (2) the International Neuroblastoma Risk Group Staging
System (INRGSS) published in 2009, designed for staging before any treatment
[60] and allowing better comparison between international trials. Both classifica-
tions are relatively similar for metastatic stages, whereas, for localized tumours, the
INRGSS is totally based on imaging and considered more robust and reproducible
than the INSS [13].

5.4.1 Primary Tumour Assessment

MRI and CT are routinely used depending on local availability, physicians’ prefer-
ence, patient’s age and tumour location.
Radiologists have to assess:

e The primary anatomic location of the tumour (anatomic compartment and, as far
as possible, the most probable origin of the tumour, i.e. the adrenal gland or the
paravertebral, periarterial or cervical sympathetic chains [43])

e The initial tumour volume (three dimensions or at least the longest tumour diam-
eter in accordance with the INRC and RECIST guidance [57])

e The potential invasion of adjacent compartments (Figs. 5.3 and 5.11)

e The potential invasion of the spinal canal for paravertebral primaries

e The relationships between the tumour and adjacent vessels (Fig. 5.19), organs
(Fig. 5.20) and structures with a specific attention to IDRFs (see Part II)

e The occurrence of regional or distant lymph nodes (occurring in about 30%)



108 H. J. Brisse et al.

Fig. 5.19 A 2-year-old boy with metastatic abdominal neuroblastoma (MYCN amplified, INSS
stage 4, INRGSS M). Contrast-enhanced transverse CT scan view. The tumour demonstrates mod-
erate and homogeneous enhancement. It arises from the periaortic sympathetic fibres and encases
both renal pedicles (arrowhead), the superior mesenteric artery (arrow) and the inferior vena cava
(dotted arrow)

* The potential metastases included in the field of view (mainly in the bone and
liver)

5.4.2 Metastatic Disease

Metastatic disease is observed in 48% of patients at diagnosis [41]. Distant metas-
tases are mainly located in the bone marrow (56%) or bone (47%); metastatic dis-
ease involving soft tissue sites includes lymph nodes (24%), liver (21%) and, less
commonly, skin (4%), lung (3%) and CNS (1%) [57].

Bone and bone marrow involvement is currently assessed by bilateral bone
marrow aspirate and biopsy and by '*I-metaiodobenzylguanidine (mIBG) scintig-
raphy [32-34] (see Part III). Whole-body MRI (WB-MRI) is not recommended
although one small series [61] provided encouraging results, although because of its
low specificity it has only limited value in assessing therapeutic response compared
to MIBG.

Skeletal surveys are no more recommended in infants; however, painful bone
location should be assessed by plain films to depict pathologic fractures.

Skull metastases depicted by MIBG do not require specific imaging unless there
are neurologic symptoms. However, brain MRI or CT should be obtained when
skull base or orbit involvement is clinically suspected or depicted on MIBG in order
to detect optic nerve compression [62] which may require emergency treatment
(Figs. 5.21 and 5.22).
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Fig. 5.20 A 4-year-old girl with localized right adrenal neuroblastoma (MYCN amplified, INSS
stage 3, INRGSS L2). Contrast-enhanced transverse CT scan (a, b) and MPR sagittal views (c).
The tumour demonstrates moderate and heterogeneous enhancement with necrotic low densities.
The mass infiltrates the upper pole (arrow) and the hilum (dotted arrow) of the right kidney and
encases the renal pedicle (arrowhead)

Fig. 5.21 A 10-month-old boy with metastatic adrenal neuroblastoma (MYCN amplified, INSS
stage 4, INRGSS M). Contrast-enhanced transverse CT scan views of the brain and orbits. Typical
bone metastases occurring along bone fissures of the skull and facial bones. Soft tissue invasion is
visible in the external temporal fossa (arrow), in the epidural space along the great sphenoid wings
(double arrows) and in the orbit (arrowheads). Invasion of the left optic canal (dotted arrow) repre-
sents an emergency situation because of possible optic nerve compression
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Fig.5.22 A 27-month-old boy with metastatic abdominal neuroblastoma (MYCN non-amplified,
segmental chromosome alteration, INSS stage 4, INRGSS M). Contrast-enhanced transverse CT
scan (a) and coronal (b) views of the abdomen, sagittal (¢) view of the spine and transverse (d) and
coronal (e) views of the brain and skull. The primary tumour arises from the right adrenal gland (a,
b). Spinal bone and bone marrow metastases (¢) are depicted by CT which demonstrates both
decreased and increased density areas (arrows). Skull metastases (d, e) typically occur around the
coronal fissure: the right frontal and parietal bones appear heterogeneous with cortical destruction
and spiculated periosteal reaction (dotted arrows). In this patient, intracranial soft tissue invasion
crosses the dura and directly invades the frontal lobe (arrowheads)

Liver and subcutaneous metastases are mainly observed in infants (Pepper syn-
drome, stage 4S/MS) [63]. Liver metastases are assessed by either US, CT or
MRI. Liver metastases may present as focal masses or diffuse infiltration (Figs. 5.14
and 5.23).

Distant (non-regional) lymph nodes depicted by CT, MRI or MIBG scan (e.g.
supraclavicular lymph node associated with a retroperitoneal primary) are consid-
ered metastatic disease (Fig. 5.9a).

Lung and pleural metastases are uncommon and usually observed among
patients with MNA tumours [64] and therefore are not routinely screened for by CT
unless there is an abnormal chest X-ray.

Pleural disease is associated with reduced survival rates in patients with meta-
static disease [65]. However, an isolated pleural effusion is not considered meta-
static disease.

CNS parenchymal or meningeal metastatic spread is exceptional and usually
observed in metastatic patients with recurrences [66, 67]. Therefore, it is usually not
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Fig.5.23 A 2-month-old boy with metastatic abdominal neuroblastoma (INSS stage 4S, INRGSS
MS). Contrast-enhanced CT-scan coronal (a) and transverse (b, ¢) views. The primary tumour
arises from the right adrenal gland and demonstrates low density and limited enhancement (aster-
isk). The liver is dramatically enlarged and diffusely invaded by multiple metastases appearing as
low-density nodules compared to normal parenchyma on portal phase

systematically screened for at diagnosis unless specific symptoms are present. The
radiologic features of CNS metastases vary from single, large, parenchymal lesions
with possible cystic or haemorrhagic features or calcifications, to diffuse meningeal
involvement [66, 68-70].

5.5 Prognostic Value of Imaging

Apart from stage, imaging data can provide additional information related to prog-
nosis. The primary tumour location is a prognostic criterion. Abdominal locations
are associated with poorer prognosis. Adrenal tumours are more likely than non-
adrenal tumours to have MYCN amplification, and thoracic tumours are less likely
than non-thoracic tumours to have MYCN amplification [71].

Chest location is associated with better outcome among the extra-abdominal
sites [72, 73]; however, multivariate analysis did not identify the chest location as an
independent prognostic factor [74].
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Cervical and pelvic NBs are also associated with better prognosis although this
information is based on limited data [75-80].

Links between initial tumour volume, tumour shape, volume decrease and
genomic profile and outcome have been recently described: a small tumour volume,
a single mass (as opposed to multiple confluent masses), and a limited number of
IDRFs are associated with better prognosis [43]. Tumour volume reduction during
the early phase of induction chemotherapy in high-risk NBs was reported as associ-
ated with a better outcome [81], but this critera was not confirmed by another study
including any risk-group tumours [43].

5.6 Disease Assessment During Treatment

The International Neuroblastoma Response Criteria (INRC) have been defined and
recently updated by an international working group [57].

For metastatic disease, the follow-up during treatment is based on both bone
marrow aspirate/biopsies and on MIBG with specific scoring systems [57, 82, 83]
(see Part III).

For the primary tumour, 1D, 2D or 3D measurements can be obtained.
Unidimensional measurements according to RECIST (Response Evaluation Criteria
in Solid Tumours) have been proposed for tumour response assessment [57, 84, 85].
However, this is still a matter of debate since a 3D assessment provides a more real-
istic tumour volume, especially for infiltrative tumours. In a recent study [86], 3D
measurements (versus volumetric change) were found to most accurately quantify
NB size response in patients with stage 3 and 4 NB, whereas 1D and 2D measure-
ments underrepresented tumour response.

5.7 Imaging for Long-Term Follow-Up

Since patients’ follow-up potentially results in high cumulative exposure to ionizing
radiation, mostly because of repeated CT, the role of surveillance imaging in the
detection of relapse is a major issue.

Surveillance of the primary tumour site in localized disease should be performed,
as far as possible, by techniques not using ionizing radiation, i.e. US or MRI. There
is currently no consensus about the periodicity of examinations, usually provided by
protocol guidelines. This periodicity should be driven by the occurrence or not of a
local residue, and the risk of local relapse, which should be based on the major
prognostic criteria such as the age at diagnosis, initial stage, histology and genomic
abnormalities.

US should be preferred for children less than 5 years who require sedation for
MRI, provided that the initial tumour area can be assessed by this technique (i.e.
abdomen or lower cervical area). When the primary tumour occurred in the upper
cervical chains, in the chest or in the presacral pelvic area, or is associated with
intraspinal residue, MRI is the preferred technique.
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In infants with liver metastases, usually associated with adrenal primary, US is
the method of choice.

Among non-thoracic high-risk NB, progression or recurrence in the chest is rare
and often presents with symptoms or is identified using standard non-CT imaging
modalities [87]. Therefore, chest CT can be omitted without compromising disease
detection.

Among children with high-risk NB, a recent series [88] assessed a cohort of 183
patients in which 50 experienced a recurrence. Most patients (92%) had metastatic
relapse. The mean cumulative effective dose prior to relapse was 125.2 mSv (range,
24.5-259.7), 64% of which was from computed tomography (CT) scans. Among
relapse patients, 74% had clinically evident or measurable disease detected by
X-ray, US or urinary catecholamines. The addition of MIBG identified eight addi-
tional recurrences. Thus, cross-sectional imaging (CT/MRI) was only required to
identify 10% of relapses. These results support the rationale of a reduced use of CT
imaging in post-therapy surveillance and refinement of surveillance imaging, which
may be further guided by risk stratification, disease sites and potentially biomolecu-
lar markers.
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