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E-mail address: G.A.M.Tytgat@prin
1 Shared last authorship.

https://doi.org/10.1016/j.ejca.2019.01.014

0959-8049/ª 2019 Elsevier Ltd. All righ
Abstract Introduction: Analysis of urinary catecholamine metabolites is one of the primary

modalities to diagnose patients with neuroblastoma. Although catecholamine excretion pat-

terns have been recognised in the past, their biological rationale and clinical relevance remain

largely unknown. Therefore, this study was designed to identify unique catecholamine excre-

tion patterns and elucidate their underlying biology and clinical relevance.

Patients and methods: A panel of 25 neuroblastoma cell lines was screened for catecholamine

excretion. Detection of the catecholamine enzymes was performed using Western blot. Based

on catecholamine enzymes presence and excreted catecholamine metabolites, excretion profiles

were defined. The prevalence of these profiles was investigated in vivo using diagnostic urines

from 301 patients with neuroblastoma and immunohistochemistry on primary tumours. The

clinical relevance of the profiles was determined by linking the profiles to clinical characteris-

tics and outcome of patients with neuroblastoma.

Results: Four excretion profiles (A-D) were identified in vitro, which correlated with the rela-

tive protein expression of the catecholamine enzymes. These profiles were also identified in ur-

ine samples from patients with neuroblastoma and correlated with the presence of the

catecholamine enzymes in the tumour. Strikingly, in 66% of the patients, homovanillic acid

and vanillylmandelic acid excretions were discordant with the catecholamine profiles. Clinical
ima Center for Pediatric Oncology, Utrecht, the Netherlands.

sesmaximacentrum.nl (G.A.M. Tytgat).

ts reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:G.A.M.Tytgat@prinsesmaximacentrum.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejca.2019.01.014&domain=pdf
https://doi.org/10.1016/j.ejca.2019.01.014
www.sciencedirect.com/science/journal/09598049
www.ejcancer.com
https://doi.org/10.1016/j.ejca.2019.01.014
https://doi.org/10.1016/j.ejca.2019.01.014


I.R.N. Verly et al. / European Journal of Cancer 111 (2019) 21e2922
characteristics and outcome gradually improved from patients with profile A (predominantly

high risk) towards profile D (predominantly observation), with 5-years overall survival of 35%

and 93%, respectively.

Conclusions: Catecholamine profiles in vitro and in vivo reflect, to a large extent, the presence

of the individual catecholamine enzymes and represent distinct subgroups of patients with

neuroblastoma.

ª 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Neuroblastoma, a paediatric malignancy of the devel-

oping sympathetic nervous system [1], presents in 95%
of the patients with elevated levels of catecholamine

metabolites, which can be used for diagnostic purposes

[2e5].

Based on their successive order in the biosynthetic

route, catecholamine metabolites have been classified

either as immature (dopamine [DA], 3-methoxytyramine

[3MT] and homovanillic acid [HVA]) or mature cate-

cholamine metabolites (norepinephrine [NE], normeta-
nephrine [NMN] and vanillylmandelic acid [VMA])

[6e13]. The most mature catecholamine metabolites,

epinephrine [E] and metanephrine [MN], are rarely

elevated in urine of patients with neuroblastoma [5]. The

excretion levels of individual catecholamine metabolites

have been correlated with disease stage, MYCN ampli-

fication (MNA) and even outcome of patients with

neuroblastoma [5e9,13,14]. Although previous studies
described catecholamine excretion as patterns (e.g. the

dopaminergic and adrenergic patterns) and correlated

them with different neuroblastoma features such as

stage and MNA [6,7,11,12], their biological rationale

and clinical relevance remained largely unknown.

Therefore, this study was designed to identify unique

catecholamine excretion patterns, elucidate their un-

derlying biology and assess their clinical relevance.

2. Materials and methods

2.1. Catecholamine metabolites

DA (56610), 3MT (M-4251), NE (A9512), NMN (N-

7127), E (E-4642) and MN (M-8625) were purchased
from Sigma (Zwijndrecht, the Netherlands) and were

used to test metabolite stability under culture

conditions.

2.2. Catecholamine metabolites extraction and detection

in culture medium

Human neuroblastoma cell lines and PC12 cells were

cultured as previously described [15]. After 48 h of

culturing, the culture medium was collected,
centrifuged to remove cell debris and acidified to pH

2e3 using hydrochloric acid. Extraction and analysis

of catecholamine metabolites in culture medium are

described in supplemental document 1. Analysis of

HVA and VMA was not performed because of high

endogenous HVA levels in serum and the necessity for
additional liver-specific metabolic steps for the syn-

thesis of VMA [16].

2.3. Western blot

Detection of the catecholamine enzymes: tyrosine hy-

droxylase [TH], dopa decarboxylase [DDC], dopamine b-
hydroxylase [DBH], phenylethanolamine-N-

methyltransferase [PNMT], catechol-O-

methyltransferase [COMT] and monoamine oxidase A
[MAOA] was performed by means of immunoblots as

described previously [17] All primary antibodies and the

immunoblot conditions are listed in Supplemental Table 1.

2.4. Patient cohort and urine analyses

This neuroblastoma cohort (n Z 301) has been

described previously [5]. Urine at the time of diagnosis

was collected and analysed for VMA, HVA, DA, 3MT,

NE, NMN, E and MN, as described previously [5]. This

study was approved by the local medicaleethical com-
mittee (reference number: W16_093#16.112).

2.5. Immunohistochemistry

Standard immunohistochemistry (IHC) was performed

on primary tumours as previously described [18]. Clin-

ical description of the patients and tumours that were

used for IHC is listed in Supplemental Table 2. The

primary antibodies used were directed against TH (cit-

rate pH 6.0, 1:100,000; Santa Cruz, 25269, with DABþ),

DDC (citrate pH 6.0, 1:2000; Cell Signaling, 13561, with
DABþ) and DBH (TriseEDTA pH 9.0, 1:100; Cell

Signaling, 8586, with DABþ).

2.6. Statistical analyses

All statistical analyses were performed using GraphPad

Prism (GraphPad Software, version 7.03). Chi-square
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test was used to assess whether the frequency of the

clinical characteristics was significantly different be-

tween the profiles. Event-free survival (EFS) and overall

survival (OS) were estimated by using KaplaneMeier

methodology in combination with log-rank test. P-value

<0.05 was regarded as significant.

3. Results

3.1. Catecholamine excretion in vitro

In order to assess the stability of catecholamine me-

tabolites, to allow measurement of catecholamine

excretion in vitro, purified catecholamine metabolites

(10 mM) were kept in culture medium (37 �C and pH

7.4). After 24 h, the concentrations of DA, NE and E
A

E

Tyrosine DOPA DA

3MT

DDCTH DBH

COMT

X No NMN and MN

Profile A

G

DOPA DA

NMN

NE

3MT

DDC PNMTDBH

COMT

Tyrosine
TH

COMT

No MNX

Profile C

Tyrosine DOPA DA

NMN

NE

3MT MN

DDCTH PNMTDBH

COMT

E

COMT COMT

HVA VMA

MAOA MAOA*

C

DA 3MT NE NMN E MN
0

20

40

60

80

100

M
et

ab
ol

ite
in

m
ed

iu
m

(%
)   0 hours

24 hours
48 hours

Fig. 1. Catecholamines profiles in vitro. (A) Stability of catecholamine m

plain culture medium was tested for a period of 0, 24 and 48 hours. (B)

neuroblastoma cell line (nZ25); the positive and negative controls wer

cells, respectively. Cells were divided into catecholamine profiles based

NMN Z profile B (nZ4), twice as much NMN compared with 3MT Z
cell lines Z LAN1, IMR32, NMB, SKNAS, SKNSH, SJNB6, SHE

cholamines metabolites biosynthesis and degradation under normal con

DDC, DBH, PNMT, COMT and MAOA. PC12, a rat pheochromocy

not tested for the remaining enzymes (x). (E) model for cell lines with

PNMT blockage. (G) Model for cell lines with profile C, PNMT block

Model for cell lines with profile D, TH blockage. The X indicates wh

profile. Relative pathway activity is indicated by arrows thickness and r

methoxytyramine, NE Z norepinephrine, NMN Z normetanephrine

acid, VMAZ vanillylmandelic acid, THZ tyrosine hydroxylase, DDC

Z phenylethanolamine-N-methyltransferase, COMT Z catechol-O-m

tubulin, * Z metabolism toward VMA requires further enzymatic ste
were reduced by more than 90%, whereas the concen-
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after 48 h (Fig. 1A). Therefore, only 3MT, NMN and

MN were analysed in subsequent in vitro experiments.

Analysis of culture media of 25 different neuroblas-

toma cell lines identified four different excretion profiles

(Fig. 1B): in profile A, only 3MT was excreted (n Z 4);

in profile B, equal amounts of 3MT and NMN were
present (n Z 4); in profile C, the concentration of NMN

was two-fold higher than that of 3MT (n Z 1) and in

profile D, no catecholamine metabolites excretion was

detected (n Z 16). MN was not excreted by any of the

tested cell lines.
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(Fig. 1C). To explain the in vitro observed profiles,

protein expression levels of the different catecholamine

enzymes were analysed in a panel of cell lines. In cell

lines with profile A, TH and DDC protein expression

but no or hardly any DBH protein expression was

observed (Fig. 1D). TH, DDC and DBH protein

expression was demonstrated in cell lines with profiles B

and C (Fig. 1D). All cell lines with profile D lacked TH
protein expression, with the exception of LAN5, which

weakly expressed this enzyme (Fig. 1D). PNMT was not

present in any neuroblastoma cell line but could be

detected in PC12, a pheochromocytoma cell line

(Fig. 1D). COMT was detected in all cell lines and most

of them also expressed MAOA; however, MAOA

expression level was variable among the cell lines

(Fig. 1D).
Based on the in vitro catecholamine excretion and the

presence of the biosynthetic enzymes, four profiles A-D

were identified. Cell lines with profile A excreted 3MT

and no NMN because of absent/very low DBH expres-

sion (Fig. 1E). Cell lines with profile B and C excreted

both 3MT and NMN but not MN due to the absence of

PNMT (Fig. 1F and G). However, in profile C, NMN

levels were twice as high as 3MT levels, suggesting that
DBH might be relatively more active in profile C cell
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Fig. 2. Urinary catecholamines profiles in patients with neuroblastoma.
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lines compared to profile B cell lines (Fig. 1G). Finally,

cell lines with profile D do not excrete catecholamine

metabolites at all, because of absence/very low expres-

sion of TH protein (Fig. 1H). Taken together, it can be

concluded that the catecholamine profiles, as observed

in vitro, are the result of the relative expression of the

biosynthetic catecholamine enzymes.

3.2. Catecholamine excretion profiles in vivo

Diagnostic urines from 301 patients with neuroblas-

toma were classified according to the in vitro estab-

lished profiles. Patients with profile A had more than

10-fold elevation of DA and 3MT, whereas NMN

was negligibly elevated (n Z 26, Fig. 2A). Patients

with profile B had more than 10-fold elevation of
DA and NMN, which was accompanied by 8-fold

elevation of 3MT (n Z 135, Fig. 2B). Profile C

was characterised by more than 20-fold elevation of

NMN accompanied by 3-fold elevation of DA, 3MT

and NE (n Z 124, Fig. 2C). Finally, profile D had

no elevation of any of the six catecholamine metab-

olites (n Z 16, Fig. 2D).

As mentioned previously, measurements of HVA and
VMA in vitro could not be performed; however,
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in vivo catecholamine metabolites can be converted to

HVA and VMA. HVA and VMA are routinely

measured in urine of patients with neuroblastoma, and

the VMA/HVA ratio <0.5 has been linked to neuro-

blastoma biology including disease stage and MYCN

status [5,19]. For this reason, four additional groups

were defined, according to the VMA/HVA ratio,

reflecting the four catecholamine profiles described
above. Profile A corresponds with VMA/HVA<0.5

(n Z 81, Fig. 2E), profile B with 0.5 � VMA/HVA�2

(n Z 156, Fig. 2F), profile C with VMA/HVA>2

(n Z 16, Fig. 2G) and profile D with HVA and VMA

negative (n Z 48, Fig. 2H). Subsequently, concordance
Fig. 3. Immunohistochemistry and catecholamine profiles. Catecholam

patients with neuroblastoma with profile A (A)e(C), profile B (D)e

(nZ29) and the score per staining are listed in Table 1. Photos were ob

length. TH Z tyrosine hydroxylase, DDC Z dopa decarboxylase, DB
between the HVA-VMA groups and profiles A-D was

also studied. The majority of the patients had discor-

dance between their HVA-VMA groups and their bio-

chemically corresponding catecholamine profile

(Fig. 2I,J,L), with exception of patients with VMA/

HVA>2 (Fig. 2K). The discordance is best illustrated in

the HVA and VMA negative group, as 71% of these

patients clearly excrete catecholamines (profile A-C,
Fig. 2L), suggesting that HVA and VMA, even though

they are the distal end-metabolites, they do not neces-

sarily reflect the levels of the proximal catecholamine

metabolites. Therefore, the HVA-VMA groups were not

discussed further in this study.
ine biosynthetic enzymes were stained in primary tumours from

(F), profile C (G)e(I) and profile D (J-L). The complete cohort

tained at magnification of 10x, and the black bar indicates 100 mm

H Z dopamine b-hydroxylase.



Table 1
Immunohistochemistry scores in primary tumours from patients with

different catecholamine profiles.

TH DDC DBH

Patient Fraction Score Fraction Score Fraction Score

Profile A 246 90% þþþ 60% þþ <5% þ
430 NR e NR e 80% þ
555 90% þþ 50% þþ <5% þ

Profile B 62 >95% þþ >95% þþþ >95% þþþ
166 >95% þþþ >95% þþþ >95% þþþ
168 90% þþ 70% þ 90% þþ
179 >95% þþþ >95% þþþ >95% þþþ
203 70% þþ >95% þþþ >95% þþþ
417 50% þþþ 50% þþ 50% þþþ
425 >95% þþþ >95% þþþ >95% þþþ
469 >95% þþþ >95% þþþ >95% þþþ
482 >95% þþ >95% þþþ >95% þþþ
489 >95% þþ >95% þþþ >95% þþ
490 >95% þþþ >95% þþþ >95% þþþ
509 >95% þþ >95% þþþ >95% þþþ

Profile C 82 80% þþ >95% þþþ >95% þþþ
127 >95% þþþ >95% þþþ >95% þþþ
170 >95% þþ >95% þþþ >95% þþþ
226 >95% þþþ >95% þþþ >95% þþþ
406 80% þþ >95% þþþ >95% þþþ
409 >95% þþ >95% þþþ >95% þþþ
444 50% þ >95% þþþ >95% þþþ
457 >95% þþþ >95% þþþ >95% þþþ
527 >95% þþþ >95% þþþ >95% þþþ
545 80% þ >95% þþþ >95% þþþ

Profile D 540 NR e NR e NR e

590 NR e NR e NR e

646 NR e NR e NR e
801 NR e NR e NR e

Tumours from patients with profile A (n Z 3), profile B (n Z 12),

profile C (n Z 10) and profile D (n Z 4) were stained for tyrosine

hydroxylase (TH), dopa decarboxylase (DDC) and dopamine b-hy-

droxylase (DBH). Staining was negative (�), weak (þ), moderate (þþ)

or strong (þþþ). Fraction indicates the part of the tumour that was

positive for the staining. In case the tumour was negative for the

staining, the positive fraction was not relevant (NR).
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Because in vitro the profiles were a reflection of the

relative presence of the catecholamines biosynthetic

enzymes, we wondered whether urinary catecholamine

profiles reflect the intratumoural relative presence of the

catecholamines biosynthetic enzymes. IHC for TH,

DDC and DBH on primary tumours showed that two of

the three tumours from patients with profile A were

positive for both TH and DDC while being almost
negative for DBH (Fig. 3AeC, Table 1). The third pa-

tient with profile A was negative for TH and DDC while

being weakly positive for DBH (Table 1). All tumours

from patients with profile B (n Z 12) and profile C

(n Z 10) were strongly positive for TH, DDC and DBH

(Fig. 3DeI, respectively). All tumours from patients

with profile D (n Z 4) were negative for all three en-

zymes (Fig. 3JeL, Table 1). These results show that the
urinary catecholamine profiles also reflect the presence

of the catecholamine enzymes in the tumour.

3.3. Catecholamine excretion profiles represent different

clinical subgroups

To investigate whether the four catecholamine profiles

represent different clinical subgroups, the clinical char-

acteristics of each profile were examined. Patients with

profile A presented predominantly (>70%) with stage 4

disease, older age (>18 months) and their tumours

usually (>60%) had genetic aberration such as MNA

and LOH1p (Fig. 4AeD). Compared to profile A,
profile B contained less patients with stage 4 disease

(63%), more patients with age <18 months and much

less (30%) patients with MNA and LOH1p

(Fig. 4AeD). Patients with profile C had in 49% of the

cases stage 4 disease, but the majority were younger than

18 months and only a few (<20%) had MNA and

LOH1p (Fig. 4AeD). Finally, patients with profile D

had the complete opposite characteristics of patients
with profile A, since the majority of them had low stage

disease (75%), were younger than 18 months and rarely

(10%) had aberration such as MNA and LOH1p

(Fig. 4AeD). Ganglioneuroblastoma was significantly

(p < 0.001) more prevalent in patients with profile D

compared to the other profiles (Fig. 4E), while 123I-

metaiodobenzylguanidine (MIBG) non-avid tumours

where also more prevalent among patients with profile
D, but not significantly more compared to patients with

profile B (Fig. 4F). Primary tumours arising in the ad-

renal gland and thoracic cavity were more prevalent in

profile A and profile D, respectively (Fig. 4G). Finally,

when the profiles were stratified based on risk groups,

profile A consisted predominantly of high-risk patients

(81%), whereas profile D comprised mainly of observa-

tion patients (81%, Fig. 4H).
Since the profiles defined different clinical subgroups,

we wondered whether these profiles were also associated

with different clinical outcome. Patients with profile A

had a dismal prognosis with 5-years event-free survival
(EFS) and overall survival (OS) of 31% and 35%,
respectively (Fig. 5A and B). On the other hand, patients

with profile D had excellent outcome (5-years EFS and

OS of 88% and 93%, respectively, Fig. 5A-B). Patients

with profile B and C had similar 5-years EFS (53% and

60%, respectively, Fig. 5A); however, the 5-years OS of

patients with profile Bwas significantly worse than that of

patients with profile C (62% and 74%, respectively,

p Z 0.018, Fig. 5B). Because we previously described
elevation of 3MT (>2.9-fold) as an independent risk

factor for poor outcome in neuroblastoma [14], we also

investigated the combination of the latter with the four

profiles. Patients with >2.9-fold elevation of 3MT had a

poor outcome regardless of their profiles (Fig. 5C andD).

The remaining patients, with the exception of patients

with profile A (nZ 4, 5-years OS Z 50%), had a 5-years

OS >80% (Fig. 5C and D). Thus, the profiles represent
clinical subgroups with unique clinical characteristics and

outcome, but the elevation of 3MT above the prognostic

cut-off appeared to bemore relevant for clinical outcome.
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4. Discussion

In this study, we identified four different catecholamine

excretion profiles in vitro, explained their biochemical

rationale and confirmed their existence in patients with
neuroblastoma. Furthermore, we showed that each
profile represents a different subgroup of patients with

neuroblastoma that has its own unique clinical charac-

teristics and outcome.

Previously, dopaminergic and adrenergic excretion

patterns have been recognised, and it was suggested that

the former might be caused by a DBH deficiency in the
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tumour [6,7,12,13,20]. In our study, we identified profile

A and profiles B-C, which are comparable with the

previously described dopaminergic and adrenergic

pattern, respectively. Furthermore, based on our in vitro

and in vivo data, we showed that profile A was generally

associated with lack of DBH expression, whereas profile

B-C always expressed DBH, supporting the DBH defi-

ciency hypothesis. In line with previous suggestions
[21,22], we showed here that neuroblastoma cell lines do

not express PNMT and consequently do not excrete E

and MN. Finally, we showed both in cell lines and in

patients that absence of catecholamine excretion (profile

D) was caused by lack of TH expression in the tumour

cells. In contrast to the situation in vivo, profile D was

the most common profile in vitro (64%). This might

partly be explained by that fact that cell lines can lose
TH expression under culture conditions, but regained

TH expression in xenografts [23,24]. Interestingly, pro-

file D was only observed in 29% of HVA and VMA

negative patients, suggesting that one of the final con-

version steps (e.g. oxidation by MAOA) is not occur-

ring. This hypothesis was suggested in previous studies

[6,7,25] and is supported by the fact that cell lines,

such as NGP, excrete 3MT but had very low MAOA
expression, which could prevent the final conversion of

3MT to HVA. Whether or not a low tumoural MAOA

activity is present in HVA and VMA negative patients

remains to be established.

The dopaminergic pattern was frequently seen in pa-

tients with stage 4 disease and patients withMNA [6,7,11]

and was also associated with poor outcome [10]. In our

study, patients with profile A had similar clinical char-
acteristics and poor outcome, strengthening the possi-

bility that profile A might represent the previously
described dopaminergic pattern. Furthermore, in this

study, we also described three additional profiles, each

with its own unique clinical characteristics and outcome,

which tend to improve from mainly high risk (profile A)

towards mainly observation patients (profile D). How-

ever, differences in outcome between patients with pro-

files A-D are probably the reflection of the fraction of

patients (85%, 52%, 26% and 0%, respectively) with 3MT
levels above the prognostic cut-off [14]. Therefore, con-

cerning clinical outcome, elevated 3MT proved to be

more relevant for future risk assessment, as demonstrated

previously [14]. Interestingly, patients with profile D

represent a group of patientswith excellent outcome, even

though their tumour might be less differentiated since it

lacks TH [26]. Furlan et al. showed that normal neural

crest cells increase their TH expression during differenti-
ation [27], which might suggest that neuroblastoma in

patients with profile D arises from an earlier development

stage compared to neuroblastoma in patients with one of

the other three profiles.However, because histopathology

was not studied in-depth in this study, further studies are

required to test this hypothesis.

Taken together, catecholamine excretion profiles

reflect catecholamine biochemistry in neuroblastoma.
These profiles can be linked to prognostic relevant fac-

tors such as stage and MNA; however, their correlation

to histopathology remains understudied. Therefore,

further studies integrating catecholamine profiles and

histopathology are warranted.
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