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ABSTRACT

The basic helix-loop-helix (bHLH) class of transcription factors plays a
pivotal role in tissue-specific determination and differentiation. Moreover,

dysregulated expression or loss of function of these factors contributes to
leukemogenesis and solid tumor development. Neurogenesis is regulated
by genes of the NEUROD/atonaland ACHAETESCUTE families. We
analyzed expression of human NEURODJ, NEUROD2, NEUROD3, and
ACHAETE SCUTE 1 (HASHJ) in cerebellar and cerebral primitive neu
roectodermal tumors (PNETs), gliomas, and cell lines derived from a

variety of neuroectodermal tumors by Northern analysis and in situ
hybridization. NEURODJ was expressed in each of the 12 medulloblas
toma specimens, whereas NEUROD2 and NEUROD3/neurogenin were
expressed in partly overlapping subsets of medulloblastomas. All of the
tumors that presented with distant metastases expressed NEUROD3. The
only other NEUROD3-positive tumor progressed early in treatment. Hu
man ACHAETESCUTE homologue (HASHJ)was not expressed in medal
loblastomas (infratentorial PNETs) but was expressed in three of five
supratentorial PNETs. Neuroectodermal tumor cell lines derived from
other sites (e.g., neuroblastoma and retinoblastoma) expressed NeuroD
and ACHAETE SCUTE family members. No NEUROD message was
detected in glial tumors or cell lines. Neurogenic bHLH transcription
factor expression patterns suggest that specific family members may
contribute to or reflect biological differences that arise during malignant
transformation.

INTRODUCTION

Molecular events associated with medulboblastoma and other child
hood brain tumor development are very poorly understood. Currently,
no biological markers facilitate stratification of treatment groups,

assist with prognosis, or serve as targets for therapeutic intervention

(1).

Medullobbastomas express neuronab intermediate filaments, synap
tic vesicle proteins, growth factor receptors, and adhesion molecules,

suggesting that they arise from neurobbasts that escape terminal dif
ferentiation (2). The mechanisms by which cells escape terminal
differentiation can now be addressed because the NeuroD family of
bHLH4 proteins was recently identified. NeuroD and the rebated
achaete scute transcription factors regulate activation of genes that

commit progenitors to a neural fate and induce terminal neuronal
differentiation.

The NeuroD family, bike the myogenic MyoD family, consists of
members of class I bHLH transcription factors that regulate tissue
specific differentiation (3â€”8). MyoD family members orchestrate
myogenic differentiation and are universally expressed in rhab
domyosarcomas, yet rhabdomyosarcomas evade terminal differen
tiationat beastin partby inhibitingthe activityof MyoD(9â€”12).
On the basis of similarities between NeuroD and MyoD, we
hypothesized that NeuroD family members may be expressed in
medubbobbastomas as markers of a neurogenic lineage. Because
distinct populations of neurons express different neurogenic bHLH
transcription factors during development, we further hypothesized

that bHLH patterns would vary between PNETs arising from
different neuronal lineages.

NEUROD and ACHAETE SCUTE genes are expressed in overlap

ping but distinct populations of neuroblasts during neuronab develop
ment. A population of immature proneurab cells that reside in the
ventricular zone first express NEUROD3/neurogenin at mouse em
bryonic day 9.5 (E9.5; Refs. 4 and 6). Ventricular zone cells migrate
to the periventricubar zone, where NEURODJ is first expressed (3, 6).
NeuroD2 expression commences on Ell.5 (4). By E16, NEUROD3
can no longer be detected by Northern analysis of RNA derived from
brain tissue (4). In contrast, NEURODJ and NEUROD2 are expressed
throughout cerebeblar development and in adult cerebellum, primarily
in the granule cell layer (3, 4). The importance of these genes in
neuronal development was established by their ability to induce
ectopic neurogenesis and premature neuronal differentiation when
injected into Xenopus embryos (3, 4, 6). ACHAETE SCUTE homo
bogues make up a distinct family of neurogenic bHLH transcription
factors that share homology with the NEUROD family. Achaete scute
null mutant mice failed to develop sympathoadrenal neural cells and
olfactory neurons (13). Mammalian achaete scute (mashi) expression
was reported in cerebellum, but it remains unclear whether it is
expressed in the same neural precursors as neuroD family members
(14).

MATERIALS AND METHODS

Surgical specimens from 13 medulbobbastomas, 5 supratentorial PNEIs, and
6 pediatric gliomas and cell lines derived from 14 neuroectodermal tumors and
3 gliomas were evaluated for expression of NeuroD family members and

HASHJ by Northern analysis. Because surgicaltissue quantity was limited, not
all bHLH members were tested on each specimen. In situ analysis was used to
confirm Northern data and determine whether expression was ubiquitous in
tumor cells. Studies were done in accordance with the Children's Hospital
Human Subjects Institutional Review Board guidelines. Human tumor tissue
samples were obtained at craniotomy. Samples were either snap frozen in

liquid nitrogen and stored at â€”80Â°C,or they were placed in tissue culture
media and then mechanically dissociated and filtered, and the centrifuged cell
pellet was snap frozen and stored at â€”80Â°C.

Cell Culture. Thecell lines listedin Table2 wereobtainedfromAmerican
Type Culture Collection with the following exceptions: NLF, NGP, and NMB
(G. Brodeur, University of Pennsylvania, Philadelphia, PA); UW228, I98G,
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and SNB 19(J. Silber and M. Berger, University ofWashington, Seattle, WA).
Y79, WERI, H209, and H82 were grown in RPM! 1640 (Life Technologies,
Inc.) with 10% FBS (Hyclone). The remainder were grown in Eagle's MEM
with Earle's balanced salt solution, non-essential amino acids (Life Technol
ogies, Inc.), 1 mist pyruvate (Life Technologies, Inc.), and 10% fetal bovine
serum or bovine calf serum.

Northern Analysis. Total RNA was extracted from confluent cell lines
and tissue specimens or cell pellets using Trizol reagent (Life Technolo
gies, Inc.). Northern analysis was performed according to published pro
cedures with minor modifications (15, 16). Due to limited sample quantity,
NEUROD2 and NEUROD3 expression was determined for some specimens
on stripped membranes that had previously been used for NEURODI and
HASHJ expression, respectively. Stripped filters exposed to film for 4 days
were found to be negative for NEURODJ bands prior to reprobing. Human
NEURODJ message was detected by either a full-length 1.6-kb cDNA
probe or an 800-bp divergent probe (carboxyl to bHLH domain) isolated
with Kpn digestion (3). The human NEUROD2 probe spanned 500 bp in the
3' divergent region between Pst and Sac! excision sites (4). The human
NEUROD3/neurogenin probe spanned 800 bp, from the Sma to the Pst
restriction sites of the clone SK2OA1 (4). HASHJ probe spanned the bHLH
domain using the PCR primers GTCACAAGTCAGCGCCCAAG and
CGACGAGTAGGATGAGACCG.HASHJfindings were confirmed with a
0.9-kb fragment isolated from a human fetal cDNA library (Stratagene) that
was homologous to the published sequence in the 3' untranslated region
(17). None of the divergent probes cross-reacted with RNA from other
family members under the conditions used.

In Situ Hybridization. Paraformaldehyde-fixed frozen tumor specimens
were sectioned at l2-g.@mintervals and then pretreated with 4% proteinase K,
acetic anhydride, and 0.1% Triton X-lOO (NEURODI) or 4% proteinase K and
acetic anhydride (NEUROD2and NEUROD3). In situ analysis was performed
according to a published procedure except that the concentration of NBT was
reduced 10-fold for NEUROD2 and NEUROD3 assays (18).

RESULTS

Neurogenic bHLH Genes in Human Tumor Specimens. Neu
roDi was expressed in each of the 12 medulbobbastoma surgical
specimens analyzed (Fig. 1; Table 1). Specimens 2â€”4,6, and 10
also expressed NEUROD2, and specimens 1, 3, 5, 8 and 9 ex
pressed NEUROD3/neurogenin. Four of the patients whose tumors
expressed NEUROD3/neurogenin presented with disseminated dis
ease, and the fifth developed clinical and radiographic progression
in the 3-week interval between tumor resection and initiation of
radiation therapy. Although the association between NEUROD3/
neurogenin expression and medulboblastoma dissemination is sig
nificant using the Fisher exact test, a larger study will be necessary
to conclusively evaluate the prognostic implications of NEUROD3/
neurogenin expression.

In situ hybridization using antisense probes for each NEUROD
gene revealed robust staining in the characteristically scant cytoplasm,
whereas background hybridization with sense probes was minimal
(Fig. 2 and data not shown). In an expressing tumor, nearly all of the
cells were positive for the particular NeuroD mRNA, consistent with
the homogeneous nature of medulboblastomas. Esthesioneuroblas
tomasamplesassayedbyinsituanalysisdemonstratedpatchyexpres
sion of NEURODJ and NEUROD3/neurogenin, suggesting that cx
pression may be more heterogeneous in some tumors (data not
shown).

Medulbobbastoma (infratentoriab PNET) samples probed with
sequence from a human clone of HASH! were uniformly negative
(Fig. 1; Table 1). In contrast, three of five supratentorial PNETs
expressed HASh (Fig. 3; Table 1). Conversely, all medulboblas
toma samples expressed NEURODJ, but only one of four supra
tentorial PNETs expressed NEURODI . These results suggest that
although medulboblastoma and supratentoriab PNET are similar
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Fig. 1. Representative Northern analyses of NEURODI (A), NEUROD2 (B), NEU.

ROD3/neurogenin (C), and HASH! (D) expression in medulloblastoma surgical speci
mens. E and F, loading variability of 20 @gof RNA as assayed by a probe to the human
glyceraldehyde-3-phosphate deshydrogenase gene (GAPDH). Lanes (left to right), pa
tients Mtâ€”MS.These and other patient data are summarized in Table I . Molecular weight
markers are indicated on the right.

histologically, they probably derive from distinct progenitor cell
populations.

Six pediatric gliomas, including cerebelbar pilocytic astrocytoma,
cerebral pilocytic astrocytoma, ependymoma, and malignant astrocy
toma specimens, and three human glioma cell lines failed to express
any of the neurogenic bHLH messages (Table 2 and data not shown).

Neurogenic bHLH Expression In Neuroectodermal Tumor Cell
Lines. We next evaluated cell lines derived from neuroectodermal
tumors to determine the patterns of neurogenic bHLH expression.
Northern analysis was performed on thirteen cell lines derived from
tumors of presumed neuroectodermal origin. Consistent with patient
samples and developmental data discussed above, D283 and D34l
metastatic medulloblastoma cell lines expressed NEURODI and
NEUROD3/neurogenin (Table 2). Although the medulloblastoma cell
lines did not express HASHI, it was notable that the neuroblastoma
cell lines SKN-SH, NGP, NMB, and 1MR32 expressed HASHJ, a
gene that is critical for sympathoadrenal lineage development (13).
SKN-SH, NGP, and 1MR32 coexpressed NEURODI, but NEUROD2
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Table I NEUROD genes and HASH! inmedulloblastomaNorthern
analysis was performed on 20 @sgof RNA from 12 patients with cerebellar PNETs and 5 patients with supratentorial PNETs using cDNA probes to NEUROD!, NEUROD2,

NEUROD3. or HASH!. Data from patientsMIâ€”MSare shown in Fig. I, and data from patientsMb, Ml3, and Slâ€”S5are shown in Fig. 3. Sampleswere scoredpositive if the
appropriate size band was present after ovemight hybridization under high-stringency conditions followed by 24â€”72h of film exposure atâ€”80Â°C.DistantPatient

Age Sex metastasis NEURODI NEUROD2 NEUROD3HASH!Medulloblastomas

(infrasentorialPNETs)Ml
S Mâ€• Yes + â€” +â€”M2
7 M No + + â€”â€”M3
9 M Yes + + +-M4

10 M No + + â€” â€”
M? to M Noâ€• + â€” +â€”M6

I F No + + â€”â€”M7
7 M No + - --M8

13 M Yes + ND +â€”M9
7 F Yes ND ND +-MlO
9 M No + + ND-Mll
8 M No + - ND-Ml2
6 M No + - ND-Ml3
3 M No + ND ND-Supratentorial

PNETs
SI 17 M ND - ND ND+52

2 M ND - ND ND+S3'
2 M ND ND ND ND-54
3 M ND + ND ND+S5
7 F ND - ND ND -

NEURODAND HASH! IN NEUROECTODERMALTUMORS

aM.male:F,female,ND,notdone.
I, Tumor progressed early in treatment.

( Recurrent tumor specimen from patient 52.

and NEUROD3 were absent in neuroblastoma cell lines. None of the
NEUROD mRNAs were detectable by Northern analysis in DAOY

and UW228 medubboblastoma cells or NLF and SKN-MC neuroblas
toma cells. It is possible that these cell lines express bHLH proteins

other than those tested (e.g. , atonal homobogues) or that expression is
below the limit of detection by Northern analysis.

Retinoblastoma cell lines expressed NEUROD genes but did not
express HASh. Y79, a cell line derived from familial retinobbastoma,

;A

Fig. 2. In situ analysis of NEUROD!, NEUROD2, and NEUROD3 in medulloblastoma samples. Top row, patient samples Ml0 (A), M4 (B), and M3 (C) stained with H&E. Bottom
row, in situ analysis using antisense digoxin-labeled riboprobes NEUROD! on sample MlO (D), NEUROD2 on sample M4 (E), and NEUROD3 on sample M3 (F). Ten-gsm markers
are shown in bottom left comer of each specimen in the top row.
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NEUROD AND HASH! IN NEUROECFODERMAL TUMORS

lines; (c) all of the medubbobbastomas from patients who presented

with early signs of biologically aggressive disease expressed NEU
ROD3/neurogenin; (d) NEUROD family members were also cx
pressed in other neuroectodermal cell lines, including neuroblastomas,
retinoblastomas, and small cell lung cancer; and (e) HASHJ was not
expressed in medulloblastoma tumor samples or cell lines but was
expressed in supratentorial PNETs and cell lines derived from periph
eral nervous system neuroectodermal tumors, including neuroblas
toma and small cell lung cancer. Preliminary experiments using an
tisera reactive to neurod2 demonstrated that protein expression

correlated with in situ and Northern analysis data.6
Every tumor sample derived from neuroectodermal tissue cx

pressed one or more neurogenic bHLH genes, whereas no glial tumors
expressed NeuroD family members. Medulboblastomas expressed

-2 6 NEURODJ,NEUROD2,andNEUROD3/neurogenin,allofwhichare
expressed in developing cerebellum or cerebellar precursors (3, 4, 6).
Likewise, neuroblastomas expressed HASH] and NEURODI, both of
which are expressed in the developing autonomic nervous system (3,

13, 14). In this study, HASH] expression distinguished some suprat
entorial PNETs from infratentonal PNETs (medubloblastoma). Cur
rently, PNETs from both sites are classified together and treated
similarly, although they respond differently to therapy (1, 2 1â€”23).
Thus, along with other genes expressed in restricted regions of the
developing nervous system, such as pax, homeobox, and zinc finger
genes, bHLH genes may provide clues to the lineage of tumor origin
(24â€”26).

Transcription factors contribute to malignant transformation by
either dysregulation of factors that enhance growth and loss of cell
cycle control (oncogenes) or by inactivation of transcription factors
that normally regulate cell cycle or terminal differentiation (tumor
suppressors or anti-oncogenes). bHLH family members have been
described in each of these roles, although they have not traditionally
been called proto-oncogenes or tumor suppressors. For example,
chromosomal translocations of the bHLH genes E2A and Ta! to the
DNA-binding domain of a homeobox gene and to the enhancer region
of a T-cell receptor, respectively, result in leukemic transformation,
presumably by inducing transcription of inappropriate target genes
(27â€”29).In contrast, MyoD normally maintains a tumor suppressor
robe by orchestrating myogenic cell cycle control and terminal differ
entiation, but its function is diminished in rhabdomyosarcomas by
expression of MyoD repressors and by limited availability of neces
sary cofactors (1 1, 12).

Within the limits of Northern analysis sensitivity, NEUROD3/
neurogenin has been described in two populations: the immature

proneural cells that reside in the mitotically active ventricular zone
and medulloblastoma samples from patients who presented with dis
tant metastasis or who rapidly progressed (4, 7). This raises the
question of whether NEUROD3/neurogenin serves a different role in
normal development and malignancy than the other neurogenic bHLH
factors tested. We previously localized NEURODJ, NEUROD2, and
NEUROD3/neurogenin to chromosome regions 2q32, 17ql2, and
5q23â€”31, respectively (30, 3 1). Comparative genomic hybridization
analysis of medulboblastoma samples demonstrated gain of distal 5q

in 3 of 18 cases, consistent with the possibility that NeuroD3 is
amplified or translocated in a subset of medulboblastomas (32).

The more downstream neuronal differentiation factors, NEURODJ
and NEUROD2, are more reminiscent of MyoD in rhabdomyosar
coma. Whether these transcription factors regulate terminal differen
tiation and induce cell cycle control in mammalian cells remains to be
determined. If so, then the paradoxical expression of these genes in

MSMSSSS
1

312345

11

DISCUSSION

5 0. Bermingham-McDonogh and T. A. Reh, unpublished data. 6 J@ M. Olson, unpublished observations.
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Fig. 3. Northem analysis ofNEUROD! and HASH expression in supratentorial PNETs.
A, NEUROD! expression in medulloblastoma samples MlO and Ml3 and in supratentorial
PNET samples S1-S5; B, HASH! expression in corresponding samples; C and D, GAPDH
expression on lanes represented in rows A and B, respectively.

expressed NEURODJ and NEUROD3/neurogenin. WERI, a sponta
neous retinoblastoma cell line, expressed NEURODJ but no others.
NEURODJ is expressed in developing and mature retina, and retinal
expression of NEUROD2 and NEUROD3/neurogenin is not yet
known.5 Achaete scute homobogues are expressed in late but not early
retinal progenitors (19, 20).

The lineage from which small cell lung cancers arise remains
controversial. The H82 cell line expressed NEURODJ and NEU
ROD3/neurogenin, and H209 cells expressed HASHJ and NEUROD3
(Table 2). Additional experiments are needed to determine whether
neurogenic bHLH factors are expressed because these tumors arise
from neuroendocrine cells or whether NEUROD/ACHAETE SCUTE
genes are deregulated in these tumors conferring a neuronal pheno
type to cells derived from a nonneuronab lineage.

NeuroD2 was not expressed in any neuroectodermal tumor line
tested. It is possible that none of the cell lines tested were derived
from NEUROD2-expressing tumors. Alternatively, NeuroD2 expres
sion might confer a growth disadvantage to cells so that they are
selected against in culture.

In this study, we examined the expression of neurogenic bHLH
transcription factors in neuroectodermal tumors and cell lines by
Northern analysis and in situ hybridization. We found the following:
(a) NEUROD] was expressed in all medulboblastomatumorsandtwo
medublobbastoma cell lines; (b) NEUROD2 and NEUROD3/neuroge
nm were expressed in subsets of medulboblastoma tumor specimens,
and NEUROD3/neurogenin was expressed in medulboblastoma cell
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Table 2 NEUROD genes and HASH! in celllinesRNA

was harvested from medulloblastoma, neuroblastoma, retinoblastoma, smallcelllung
cancer, and glioma cell lines near confluence. Twenty @sgof RNA were analyzedbyNorthem

analysis and scored following ovemight hybridization at high stringency fol
lowed by 24â€”72h film exposure atâ€”80Â°C.NEURODI

NEUROD2 NEUROD3HASH!MedulloblastomaD283

+ â€” +â€”D34l
+ â€” +â€”UW228
- - --DAOY
- - --NeuroblastomaSKN-SH

+ - -+NLF
- - --NGP

+ - -+NMB
- - -+1MR32

+ â€” â€”+SKN-MC
- - --RetinoblastomaY79

+ - +â€”WERI
+ â€” â€”â€”Small

cell lungcancerH82
+ â€” +â€”H209
- - ++GliomaSNBI9

â€” â€” â€”â€”T98G
- NDa ND-SF767
â€” â€” â€”â€”a

ND, not done.
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neuroectodermal tumors suggests that these cancer cells may gain a
growth advantage by limiting the function of bHLH transcription
factors. Prior to the isolation of NEURODJ, a study of MyoD function
in neuroblastoma and medulboblastoma cell lines suggested that rhab
domyosarcomas and neuroectodermal tumors may share mechanisms
of evading bHLH transcription control (33). In addition, NEUROD2
expression or function might be affected by rearrangements associated
with isochromosome 17q, the most common cytogenetic abnormality
in medubboblastomas (32, 34).

The study of mammalian neurogenic bHLH transcription factors
promises to be rather complex. Multiple proneurab bHLH genes
work combinatorialby with each other and with other devebopmen
tal transcription activators to orchestrate development of the rela
tively simple neural structures in Drosophila (35â€”37). From the
more intricate vertebrate nervous system, a number of neurogenic
bHLH proteins have been described (3â€”6, 19, 38â€”44). Basic
information about these proteins, such as dimerization partners,
DNA binding preferences, and biological targets, remains to be
elucidated. As that work progresses, the current study shows that
NeuroD family members may be useful diagnostically and pro
vides a rationale for a study addressing the prognostic implications

of NEUROD3/neurogenin expression.
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