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NSCL-1 and NSCL-2 synergistically determine
the fate of GnRH-1 neurons and control necdin

gene expression
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To study the role of the bHLH genes NSCL-1 and NSCL-2 in
the development of GnRH-1 neurons, we have generated
compound mutant mice. Mutant animals die at birth and
show a virtually complete absence of GnRH-1 neurons in
the posterior parts of the brain at E18.5 and an aberrant
morphology of the remaining GnRH-1 neurons in the
anterior parts of the brain indicating that NSCL-1 and
NSCL-2 might concomitantly control differentiation/mi-
gration of GnRH-1 neurons in a cell autonomous manner.
To gain further insights into this process, we screened for
NSCL target genes using DNA array hybridization and
detected necdin, which is deleted in the human Prader-
Willi syndrome phenotypically resembling the NSCL-2
mutation. Using chromatin immunoprecipitation and
site-directed mutagenesis of the necdin promoter, we de-
monstrate that NSCLs together with additional cofactors
directly control transcription of the necdin gene. NSCL-
dependent control of necdin expression might be instru-
mental for proper neuronal cell differentiation and enable
GnRH-1 neurons to migrate.
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Introduction

The central regulation of reproductive competence in mam-
mals is mediated by the pulsatile release of GnRH-1 (gonado-
tropin releasing hormone) from their corresponding
hypothalamic neurons (around 800 cells in rodents) (Wray
et al, 1989) into the portal circulation of the pituitary gland,
where it controls the release of gonadotropins and prolactin.
Failure of this system will result in infertility and infantile
reproductive organs due to hypogonadism and hyperprolac-
tinemia (Wu et al, 1997).

GnRH-1-positive neurons originate from the olfactory
placode around E11 and consecutively migrate between E11
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and E16 on olfactory/vomeronasal axons (Schwanzel-
Fukuda and Pfaff, 1989) through the nasal septum and
forebrain to the arcuate nucleus (ARC) of the medial hy-
pothalamus. From E17 onwards, GnRH-1 neurons are loca-
lized on the ventral side of the cribriform plate in a bilateral
continuum between the olfactory bulb through the medial
septal nucleus and diagonal band of Broca (DBB) to the
preoptic area (POA)/organum vasculosum lateralis terminalis
(OVLT) region (Schwanzel-Fukuda and Pfaff, 1989). Most of
the GnRH-1-positive neurons project axons to the median
eminence, where they secrete the GnRH-1 decapeptide in a
pulsatile manner into the hypophyseal blood system (re-
viewed in Lopez et al, 1998). The essential role of the
GnRH-1 decapeptide has been highlighted by the analysis of
the hypogonadal (hpg) mouse, which lacks physiologically
active GnRH-1 due to a truncated gene for the preprohor-
mone (Mason et al, 1986).

Numerous genes have been identified to direct develop-
ment of the neuroendocrine axis (Treier and Rosenfeld,
1996). A particularly interesting group of genes is the bHLH
superfamily, which has been shown to play a crucial role in
cell fate determination and differentiation during develop-
ment of the central nervous system (CNS) (Ma et al, 1999).
The lack of the bHLH-PAS transcription factors Siml and
Arnt2, for example, leads to the absence of parvocellular and
magnocellular neurons within the paraventricular nucleus
(PVN) and supraoptic nucleus (SON) of the hypothalamus
(Michaud et al, 1998; Hosoya et al, 2001). Another subgroup
of the bHLH family consists of the NSCL-1 (also known as
Nhlh1, Henl) and NSCL-2 (Nhlh2) genes (Lipkowitz et al,
1992). Both genes are expressed in largely overlapping pat-
terns in different areas of the CNS and PNS during the
embryonic and perinatal stages (Murdoch et al, 1999;
Kruger and Braun, 2002). NSCL-2—/— mice are hypogonadal
and infertile, indicating a requirement of NSCL-2 for proper
neuroendocrine development (Good et al, 1997; Coyle et al,
2002). Furthermore, NSCL-2—/— mice develop adult-onset
obesity, suggesting that NSCL-2 is involved in the regulation
of energy balance (Nilaweera et al, 2002). In contrast, mice
lacking NSCL-1 develop normally, are fertile, and show no
apparent morphological abnormality (Cogliati et al, 2002;
Kruger and Braun, 2002), although Cogliati et al (2002)
reported a decreased lifespan of NSCL-1 mutant mice prob-
ably due to a dysfunction of the autonomic nervous system.

The successive acquisition of specific cellular features in
the course of differentiation is a prerequisite for numerous
morphogenetic events including migration of cells. The abil-
ity of cells to undergo targeted migration clearly depends
on specialized functions of differentiated cells, which might
still be able to proliferate during this process. Hence, faulty
differentiation events might result in a loss of migration.
For example, a tight link between control of proliferation/
differentiation and migration has been revealed for migrating
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limb muscle precursor cells. Targeted migration of these cells
toward the limbs depends on the homeobox gene Lbxl
(Schafer and Braun, 1999), which is involved in the control
of proliferation and differentiation of muscle precursor cells
(Mennerich and Braun, 2001) clearly demonstrating that
proliferation/differentiation and migration are two sides of
the same coin.

Here we show that the number of GnRH neurons in NSCL-
2 mutants is reduced in the posterior but not in the anterior
parts of the brain. Even more striking is the observation that
NSCL-1 and NSCL-2 double mutant mice, which die at birth,
show a virtually complete absence of GnRH neurons in the
posterior parts of the brain, most probably due to cell
autonomous defects. Analysis of earlier developmental stages
revealed that GnRH neurons form normally in the olfactory
area of NSCL-1/NSCL-2 mutants at E14.5 but fail to migrate
to the posterior parts of the brain. To begin to decipher the
regulatory pathways controlled by NSCL genes, we screened
for potential target genes using DNA array hybridization. We
found that NSCLs together with additional Lim-domain-only
(LMO) cofactors directly control transcription of the necdin
gene, which is deleted in the human Prader-Willi syndrome
(PWS), characterized by obesity and infertility (MacDonald
and Wevrick, 1997).

Results

Generation of NSCL-1 and NSCL-2 lacZ knock-in mice
To analyze the functional role of NSCL-1 and NSCL-2 in
neuronal cell formation and to follow the fate of NSCL-1-
and NSCL-2-expressing cells, we have inactivated both genes
by replacing parts of the second exon encoding the bHLH
DNA binding domain with a lacZ cassette (Figure 1A).
The generation and the phenotype of NSCL-1 mutant mice
have been described before (Kruger and Braun, 2002).
Heterozygous NSCL-2 lacZ knock-in mice were fertile and
did not show any gross abnormalities. Homozygous NSCL-2
lacZ knock-in mice were clinically normal until puberty
when a small penis and small testis became apparent in
males. Adult NSCl-2—/— females were characterized by
small ovaries and uteri when reared in the absence of
males. In addition, we observed adult-onset obesity both in
males and females corroborating the previous report (Good
et al, 1997; Coyle et al, 2002).

NSCL-2 and NSCL-1 are expressed in different areas

of the developing hypothalamus

In E10.5 heterozygous mutants, NSCL-2 expression was
initially found in the subventricular layers of the developing
diencephalon (Figure 1C). No obvious alterations of the
NSCL-2 expression pattern within the developing hypothala-
mus were apparent in heterozygous and homozygous mu-
tants between stages E10.5 and E16.5 (Figures 1C and 2A-C),
indicating that the fate of NSCL-2-expressing cells remained
unchanged during early hypothalamic development. We
never found NSCL-2/lacZ signals or NSCL-2 mRNA in
Rathke’s pouch or in the developing pituitary gland at any
embryonic stage (Figure 1Ce-g), whereas postnatally (P10), a
weak NSCL-2 gene activity was observed in the anterior lobe
of the pituitary gland (Figure 1Ch). It seems likely that earlier
reports of an expression of NSCL-2 in Rathke’s pouch and the
pituitary gland (Good et al, 1997) represented a crosshybri-
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dization with the highly similar NSCL-1 gene. A strong NSCL-
2 activity was observed in hetero- and homozygous embryos
between E14.5 and E16.5 in the vomeronasal organ, in the
olfactory epithelium, and particularly in the vomeronasal
nerve fibers (Figure 1Cb-d) (see Supplementary data). At
E18.5, prominent NSCL-2 signals were present in septal
areas, in the DBB, within the OVLT region, in the PVN, in
lateral areas of the hypothalamus (LH), in the ARC, and in the
dorsomedial hypothalamic nucleus (DMH) (Figure 2F-H)
(see Supplementary data). Starting at E18.5, NSCL-2—/—
mutants exhibited a reduced lacZ activity within the ARC
(data not shown), indicating a loss of NSCL-2-dependent cells
in this region. In contrast, no obvious changes of NSCL-2
expression were found in the POA (Figure 2I-K) and the DMH
areas (data not shown; see Supplementary data), when
compared to the decreased expression of NSCL-2 in the
ARC. Postnatally, only weak NSCL-2-lacZ activities were
detectable in the thalamus (medial habenular nucleus,
MHB) and hypothalamus (PVN, ARC, and medial mammil-
lary nucleus (MM), data not shown) both in heterozygous
and homozygous NSCL-2 mutant mice.

NSCL-1 gene activity was found, similar to NSCL-2, at
E18.5 within several hypothalamic areas including the septal
areas, DBB, PVN, ARC, and DMH (Figure 2A-C) (see
Supplementary data). In contrast to NSCL-2, we detected
NSCL-1 gene activity in the anterior lobe of the developing
pituitary gland from E14.5 onwards with a peak at E16.5
(Figure 1Ci-k).

To identify the neuronal cell type(s) in the hypothalamus
that expressed NSCL-1 and NSCL-2, we performed double
labeling experiments using an antibody against GnRH-1 (LR-1
antibody) and NSCL-1/NSCL-2 reporter gene activities. We
colocalized the GnRH-1 protein and NSCL-1 (Figure 2D and E
and data not shown) and NSCL-2 gene activities within the
same cell between embryonic stages E14.5 and E18.5 (Figure
2G and J and Supplementary data).

The number of hypothalamic NSCL-2-expressing GnRH-
1-positive neurons is decreased in NSCL-2 mutants

We next examined whether the lack of either NSCL-1 or
NSCL-2 affected the presence of GnRH-1 neurons in adult
animals. In NSCL-2 mutant mice, we found a reduction of
approximately 30% of GnRH-1 neurons. In addition, a reduc-
tion of projecting axons in the median eminence and in the
ARC was evident (Figures 2N, O and 3Ae, j), which is in line
with previous observations (Good et al, 1997). In NSCL-1
mutant mice, we did not observe clinical or morphological
alterations related to a disruption of the hypothalamic-pitui-
tary axis or any reduction of the number of GnRH-1 neurons,
suggesting a complete compensation of the absence of NSCL-
1 by the highly related NSCL-2 gene.

To reveal the distribution of GnRH-1 neurons along the
anterior-posterior axis in more detail, we counted all GnRH-
1-positive cells per slice (50 um thick) from septal nuclei and
POA to caudal hypothalamic regions: SON retrochiasmatic
and lateral hypothalamic area (LH) (Figure 3). The loss of
GnRH-1 neurons correlated roughly with the distance that
GnRH-1 cells had to migrate from the olfactory placode. The
most pronounced reduction was found in the preoptic region
including the OVLT (slice numbers 19-25; Figure 3Ac and h),
which normally contains the largest number of GnRH-1-
positive neurons, and in lateral areas of the hypothalamus
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Figure 1 Expression of NSCL-2 and generation of NSCL-2 mutant mice. (A) Schematic representation of the NSCL-2 locus (upper row), the
targeting vector (middle row), and the disrupted allele generated by homologous recombination (lower row). The IRES-lacZ gene neo
resistance cassette (white box) replaced parts of the bHLH region (black box). B: Bglll, Bs: BssHII, K: Kpnl, S: Sall, Sa: Sacl, Sc: Scal. (B)
Southern blot analysis of Bglll-digested genomic DNA isolated from NSCL-2 mutant F2 progeny. The probe detected a 9.5 kb fragment in wild-
type mice and a 2.8 kb fragment in mutant mice. (C) LacZ expression pattern in NSCL-2 heterozygote mice. (a) NSCL-2/lacZ is first turned on in
the diencephalons at E10.5. No NSCL-2/lacZ-positive cells were detectable within Rathke’s pouch. (b) Ventral view of the developing

hypothalamus at E14.5. NSCL-2/lacZ-positive cells are found in the lateral area and in the nucleus mammilaris (arrows in (b)). (c, d) NSCL-2
lacZ-positive cells were present in septal areas, in POA, in the area of the ARC, in the mammilary nucleus, and in the lateral hypothalamus.

(e-g) No NSCL-2/lacZ-positive cells were found within the pituitary gland during embryonic development. (h) At P10, NSCL-2 expression is

switched on in the anterior lobe of the pituitary gland. (i-k) NSCL-1, in contrast to NSCL-2, is expressed between E14.5 and E18.5 in the
anterior lobe of the pituitary gland. ARC: arcuate nucleus, al: anterior lobe, d: diencephalon, il: intermediate lobe, LH: lateral hypothalamus,

NM: mammilary nucleus, oc: optic chiasma, pl: posterior lobe, rp: Rathke’s pouch, s: septal area.
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Figure 2 Combined inactivation of NSCL-1 and NSCL-2 leads to a nearly complete absence of GnRH-1 in NSCL-1 x NSCL-2 double mutants.
(A-C) LacZ staining of NSCL-1 + /— mutants at E18.5. Frontal cryosections (50 um) reveal NSCL-1-positive cells in POA and dorsomedial areas
of the hypothalamus. (D, E) GnRH-1 and NSCL-1 are both expressed in the same neurons. (F-K) Combined lacZ and GnRH-1 immunostaining
of NSCL-2 4+ /— and NSCL-2—/— mutants at E18.5. Frontal sections through septal area and POA of the hypothalamus of NSCL-2 4+ /— and
NSCL-2—/— mice at E18.5. NSCI-2 and GnRH-1 expressions overlap in the septal area/DBB (F, I), in the OVLT region (G, J), and in the lateral
areas of the hypothalamus (H, K). The insets in (G, J) show higher magnifications of double-labeled NSCL-2- and GnRH-1-positive neurons
(blue arrow, NSCL-2/LacZ; brown arrow, LR-1 immunostaining). NSCL-2—/— mice display a reduced number of GnRH-1 neurons in POA (J)
and a complete absence of GnRH-1 neurons in the lateral areas of the hypothalamus (K). (L, M) Immunostaining of frontal cryosections
(50 pm) of NSCL-1—/— x NSCL-2—/— mutants at E18.5. (L) Slight increase of GnRH-1-positive cells in the septal areas of NSCL-1—/— x NSCL-
2—/— mutant mice compared to heterozygous mice. Double mutant mice lack virtually all GnRH-1 neurons within the DBB and the OVLT (M).
Remaining GnRH-1 neurons in NSCL-1/2 double mutant mice (inset in M) show a highly aberrant morphology compared to NSCL-2 + /— mice
(insets in G and J). Reduction of GnRH-1 axons in the median eminence of NSCL-2 mutant mice (0) and absence of GnRH-1 axons in the
median eminence of NSCL-1—/— x NSCL-2—/— (P) compared to heterozygous animals at E18.5 (N). The arrows in (M) point to a few
remaining GnRH-1 neurons in the DBB and OVLT of NSCL-1/2 double mutant mice. ac: anterior commissure, ARC: arcuate nucleus, aPVN:
anterior paraventricular nucleus, DBB: diagonal band of Broca, DMH: dorsomedial hypothalamic nucleus, LH: lateral area of the
hypothalamus, ME: median eminence, MPO: medial preoptic area, oc: optic chiasma, OVLT: Organum vasculosum lateralis terminalis,

B c B o
% t «d
PVN
DBB  MPO ik E
g o+ s i r : LH 4
o RS el
e "RV . s ' " v
-5. _1'= ey f s 1 ‘(/— _,) -
Gac ) i E /
= | oA
PVN
PEE MPO it 4
OVLT SCN :
J K
ac

ssia s DBB MPO
OVLT <
M 2 NTY -
Sy . e
; (0]
P L
A . /-ME
0. B
j .
il ME
e o
ovLT e

PVN: paraventricular nucleus, SCN: suprachiasmatic nucleus.

4356 The EMBO Journal VOL 23 | NO 21 | 2004

©2004 European Molecular Biology Organization



Control of GnRH-1 neuron formation
M Kriiger et al

A [ sepaiaea || DBB [
a S r b !.._ c

' 2

WT
::[-':I

i

NSCL-2-/-
[=]

OVLT | [ LH i ME

1w
I NscL-2-/-

ML Ral

B
50
Septal area‘ | DBB |
45
o 401
L2
B 35
]
g 30
2 25+
5 1
gzo
E 15+
| =4
O 10 4
Sttt 1GAALED
o LA AANA NI
1 3 5 7

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

50 um/slice

Figure 3 GnRH-1-positive neurons are reduced in the posterior parts of the brains of adult NSCL-2 mutant mice. (A) GnRH-1 immunostaining
of frontal sections of wild-type (a-e) and NSCL-2—/— animals (f-j). Representative sections through the OVLT (c, h) and lateral areas of the
hypothalamus (d, i, arrows). (j) Decreased staining intensity of GnRH-1 fibers in the median eminence of NSCL-2 mutant (j) compared to wild-
type mice (e). (B) Number of GnRH-1 neurons in different regions of the hypothalamus of wild-type (white bars) and NSCL-2 mutant mice
(gray bars). Numbers on x-axis indicate the order of individual slices (for abbreviations, see Figure 2).

retrochiasmatically at the level of the SON (slice numbers
27-40; Figure 3Ad and i).

Interestingly, the distribution of the remaining GnRH-1
neurons in mutant mice differed significantly depending on
the developmental stage of the embryos. Between E14.5 and
E16.5, no significant reduction of GnRH-1 neurons was found
in the frontal brain areas of NSCI-2—/— mice in comparison
to wild-type animals (Figure 4). At E18.5, we monitored a
loss of approximately 30% of GnRH-1 neurons in NSCL-2—/
— mice compared with wild-type animals, after counting all
GnRH-1 neurons (Figures 3 and 4). Adult NSCL-2—/— dis-
played a 30% (by 20 weeks of age) and 50% (by 40 weeks of
age) reduction of GnRH-1-positive neurons (Figures 3 and 4).
During their migration from the olfactory placode to the
hypothalamus, GnRH-1 neurons maintained a close contact
to NSCL-2/lacZ-positive vomeronasal nerve fibers (see
Supplementary data).

Combined inactivation of NSCL-1 and NSCL-2 leads

to a dramatic loss of GnRH-1-positive neurons during
development

In order to explore potential functional redundancies be-
tween NSCL-1 and NSCL-2 for the development of GnRH-1
neurons, double homozygous mutant mice were bred. No
obvious morphological malformations occurred in the cortex

©2004 European Molecular Biology Organization

and in the cerebellum of double mutant mice despite a strong
overlapping expression of both genes in these areas (Kruger
and Braun, 2002). However, we discovered a severe disrup-
tion of the formation of GnRH-1 neurons in NSCL-1 x NSCL-2
double mutants (Figure 2L, M, and P).

Analysis of NSCL-1/2 double mutants at E14.5 revealed a
30% reduction of GnRH-1 neurons when compared to NSCL-
1+ /— x NSCL-2 + /— mutant mice. After 2 days, at E16.5,
this loss had increased to 35% and peaked further at E18.5
when only 27% of the normal number of GnRH-1 neurons
were left in double homozygous mutants (Figures 2 and 4C).
This decrease of 73% was accompanied by a complete
absence of GnRH-1-positive fibers within the median emi-
nence (Figure 2P). The severe reduction of GnRH-1-positive
neurons in double mutant animals became even more appar-
ent when the local distribution and morphology of remaining
GnRH-1-positive neurons were investigated during embryo-
nic development from the olfactory area to the preoptic
region within single slices (Figure 4). At E14.5, the majority
of GnRH-1-positive neurons in wild-type mice were found in
the olfactory area and across the cribiform plate within the
olfactory bulb and forebrain. At this stage and location,
NSCL-1/2 double mutants showed only a minor reduction
of GnRH-1-positive cells, suggesting that the initial prolifera-
tion and migration processes of GnRH-1 neurons within the

The EMBO Journal VOL 23 | NO 21 | 2004 4357
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Figure 4 Spatial and temporal distribution of GnRH-1 neurons in NSCL-1+ /— x NSCL-2+ /— and NSCL-1—/— x NSCL-2—/— double
mutants. (A) Normal or increased numbers of GnRH-1 neurons in the anterior parts of the brains of NSCL-1/2 double mutant mice (gray
bars) at E14.5 (sections 1-15) compared to NSCL-1 4 /— x NSCL-2 + /— (white bars). GnRH-1 neurons are reduced in the posterior parts of the
brains of NSCL-1/2 double mutant mice (sections 20-50) at E14.5. (B) Loss of GnRH-1 neurons in the OVLT of NSCL-1/2 double mutant mice
(sections 35-50), but normal or slightly increased numbers of GnRH-1 neurons in the anterior parts of the brain (sections 4-14). (C) Total
numbers of GnRH-1 neurons during development of wild-type (white bars, upper row), NSCL-2—/— (light gray), NSCL-1+ /— x NSCL-2 4 /—
(white bars, lower row), and NSCL-1—/— x NSCL-2—/— (dark gray) mice. Results are shown as mean+s.e.m. *P<0.05 and **P<0.01.

olfactory system were not or only mildly affected (see
Supplementary data). The number of nasally located GnRH-
1 neurons were not significantly decreased, only those GnRH-
1 neurons that had already crossed the cribriform plate and
migrated to the ventral forebrain areas were reduced by
approximately 30% in NSCL-1/2 double mutants. We did

4358 The EMBO Journal VOL 23| NO 21 | 2004

not detect any aberrant location (e.g. in the cortex) of GnRH
neurons during the course of our analysis between E14.5 and
E18.5. In addition, olfactory and vomeronasal fibers, which
are thought to guide migrating GnRH neurons, were correctly
located in NSCL-2—/— and double mutant forebrain at E14.5
and stained positive for peripherin (data not shown). At
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E18.5, the majority of GnRH-1 neurons had normally com-
pleted their journey and migrated to the POA of the hypotha-
lamus such as the DBB and OVLT (Figure 2F and G). In NSCL-
1/2 double mutant mice, this process was severely inter-
rupted. Only a small number (ca. 40 GnRH-1 neurons) was
able to reach the POA (Figure 2M). These neurons possessed
no or only short dendritic processes and did not send axonal
projections to the median eminence (Figure 2M and P).

The MAGE gene necdin is a component of the genetic
hierarchy controlled by NSCL-1/2

The experiments described above clearly suggested that
NSCLs might control the fate of GnRH-1 neurons in a cell
autonomous way. We therefore set out to unveil the hierarchy
of events that leads to the specification of GnRH-1 cells by
NSCLs. We isolated RNA from the hypothalamus of NSCL-
1—/— x NSCL-2—/— mutant mice at E18.5 and used the Atlas
1.2 Array System (Clontech) to identify putative NSCL target
genes. Among several dysregulated genes, which included
genes involved in cell cycle regulation and apoptosis, one
particular potential target gene (see Supplementary Table 1),
the necdin gene, attracted our attention. The MAGE protein
necdin is deleted in the human PWS (MacDonald and
Wevrick, 1997), characterized by obesity and infertility, and
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has been shown genetically to play a crucial role in the
development of the hypothalamic-gonadal axis in the
mouse. Disruption of the mouse necdin gene results in a
loss of 30% of GnRH-1-positive neurons, similar to the
phenotype of NSCL-2—/— mutants. In wild-type animals,
necdin expression overlaps with NSCL-1/2 expression in
discrete regions of the hypothalamus, such as the septal area,
POA, and the ARC (Muscatelli et al, 2000) (Figure SA-C).
To analyze whether all necdin-expressing regions were simi-
larly affected by the loss of either NSCL-2 or NSCL-1/2, we
performed in situ hybridization analyses with a necdin anti-
sense probe. We detected a virtually complete absence of
necdin expression at the level of the optic chiasma in the
hypothalamus of adult NSCL-2-deficient mice, while its
expression was only mildly affected in septal and caudal
areas (Figure SD-F). The area, which was devoid of necdin
expression, extended considerably at E18.5 in NSCL-1/2
double mutant mice, now including the medial preoptic
hypothalamic area and the DBB, where the majority of
GnRH-1 neurons are normally located (Figure 5J-L). Hence,
at birth, the latest time point, which is currently accessible in
these mice, the lack of NSCL-1 and NSCL-2 nearly abolished
necdin expression in all areas harboring GnRH-1 neurons that
are relevant for establishing the hypothalamic-pituitary axis.
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Figure 5 Decreased expression of necdin in NSCL-2—/— and NSCL-1—/— x NSCL-2—/— double mutant mice. In situ hybridizations of coronal
sections of the hypothalamus of wild-type (A-C), NSCL-2—/— (D-F), NSCL-1—/— x NSCL-2 + /— (G-I), and NSCL-1—/— x NSCL-2—/— (J-L)
mice at E18.5 with a necdin cDNA probe. Necdin is strongly expressed in the MPO of wild-type (B, C) and NSCL-1—/— x NSCL-2 + /— (G-I)
mice at E18.5. Necdin expression is strongly decreased in the MPO of mutant mice (E, F), while no significant changes are discernible in the
septal area of NSCL-2—/— mutant mice. Compare (A) with (D). (A, B) and (D, E) are overviews ( x 50) of the DBB and MPO. (C) and (F) are
enlargements ( x 200) of (B) and (E), respectively. Necdin expression is missing in the MPO of NSCL-1 x NSCL-2 double mutant mice (J-L). ac:
anterior commissure, DBB: diagonal band of Broca, MPO: medial preoptic area, oc: optic chiasma, on: optic nerve.
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The expression of necdin outside the hypothalamus was not
affected.

NSCLs directly control transcription of the necdin gene
together with additional LMO cofactors

To investigate whether NSCLs directly govern necdin expres-
sion via transcriptional control, we studied the proximal
regulatory sequences (—844 to + 63) of the mouse necdin
promoter, which have been shown to be sufficient to direct
correct expression of necdin in neuronal P19 cells (Uetsuki
et al, 1996). We identified two E-box sequences within the
mouse promoter at positions —696 (TTCATGTGGG) and
—548 (CTCACATGGA), which contained core binding sites
for NSCL-1 and NSCL-2 (Figure 6C). Both proteins carry a
very similar bHLH DNA binding domain (98% similarity)
with no discernible differences in their in vitro DNA binding
properties (Lipkowitz et al, 1992).

To analyze whether both E-boxes bound NSCL-2
(Figure 6A) and NSCL-1 (data not shown) to a similar degree,
we performed electrophoretic mobility shift assay (EMSA)
using in vitro-translated proteins and radioactively labeled
oligonucleotides spanning either the —696 E-box1 or the
—548 E-box2 including flanking sequences. As shown in
Figure 6A, E-box1 (lane 1) strongly bound NSCL-2, whereas
E-box2 (lane 8) served only as a weak substrate for NSCLs.
The binding specificity was ascertained using different wild-
type and mutant oligonucleotides as competitors (Figure 6A,
lanes 2-5 and 9-12). Nonspecific (NS) complexes derived
from the reticulocyte lysate were not resistant to competition
with mutant binding sites as their specific counterparts.

We then performed chromatin immunoprecipitation
(ChIP) experiments to confirm binding of NSCL-2 to the
endogenous necdin promoter within its native chromatin
structure (Figure 6B). We analyzed both the mouse necdin
promoter in the hypothalamic cell line GT1-trk (Mellon et al,
1990; Schatzl et al, 1997), which contains two E-boxes, and
the human promoter in HEK293 cells, which contains three
E-boxes (Figure 6C). As shown in Figure 6B, NSCL-2 bound
to the endogenous necdin promoter in GT1-trk as wells as in
HEK293 cells. No product was recovered when GT1-trk and
HEK293 cells were transfected with the myc-tag expression
plasmid alone.

We next cotransfected a reporter construct together with
an NSCL-2 expression construct in HEK293T cells to explore
whether NSCL-2 activates the necdin promoter in cell culture.
As shown in Figure 7A, cotransfection with NSCL-2 raised the
activity of the necdin promoter nearly 20-fold. Addition of a
putative heterodimerization partner of NSCL-2, E12, further
stimulated the necdin promoter activity up to 25-fold above
background levels.

Several bHLH proteins have been shown to interact with
LMO proteins, which do not interact with DNA directly, to
transactivate cognate promoters (Johnson et al, 1997). We
therefore investigated by immuno-co-precipitation whether
LMO-1, LMO-2, and LMO-4, which are all found in those
areas of the brain that express NSCL-2 (Bulchand et al, 2003),
interact with NSCL-2. All three LMO-2 proteins formed
protein-protein complexes to a varying degree with NSCL-2
in the absence of a DNA-binding site (data not shown). To test
whether LMO-1, LMO-2, or LMO-4 indeed collaborated with
NSCL-2 in vivo to further enhance activity of the necdin
promoter, we transfected LMO-1, LMO-2, and LMO-4 together
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Figure 6 The necdin promoter is a direct target of NSCL-2. (A)
EMSA with in vitro-translated NSCL-2 using E-box1 (lanes 1-7) and
E-box2 oligonucleotides (lanes 8-14) derived from the necdin
promoter. Specificity of binding was demonstrated by addition of
100- to 1000-fold molar excess of wild-type E-box1 (lanes 2-5) and
200- to 500-fold molar excess of a mutated E-box1 (lanes 6 and 7),
and by addition of 100- to 1000-fold molar excess of wild-type E-
box2 (lanes 9-12) and 200- to 500-fold molar excess of a mutated E-
box2 (lanes 13 and 14). An NS complex that formed with E-box1
and E-box2 was specifically competed with mutated E-boxes (lanes
6, 7 and 13, 14). Unbound oligonucleotides, which were always in
excess, are not shown. (B) ChIP of the necdin promoter by myc-
tagged NSCL-2. Samples of sonicated and purified chromatin iso-
lated from GT1-trk and HEK293 cells transfected with the empty
vector pCS2-MT or a combination of NSCL-2, E12, CLIM2, and
LMO-4 were immunoprecipitated with the myc-tag antibody. DNAs
isolated from immunoprecipitated material were amplified by PCR
with primers specific for the human and mouse necdin promoter
and resolved on an agarose gel. (C) Schematic outline of mouse and
human necdin promoters, localization of E-boxes, and position of
primers used to identify immunoprecipitated chromatin.

with NSCL-2 and the necdin reporter gene in HEK293T cells.
Expression of LMO-2 and LMO-4 but not LMO-1 led to an
additional stimulation of promoter gene activity up to 35- and
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Figure 7 NSCL-2 transactivates the necdin promoter in neuronal
and non-neuronal cells. HEK293T cells (A) or the hypothalamic cell
line GT1-trk (B, C) were transfected with necdin-luciferase reporter
constructs alone, NSCL-2, or NSCL-2 together with different combi-
nations of cofactors as indicated. The highest activation in HEK293
cells was achieved after cotransfection of NSCL-2 together with the
class A bHLH factor E12 and LMO-2 or LMO-4. No further enhance-
ment of necdin promoter activity was observed in GT1-trk cells after
addition of E12, LMO-4, or CLIM2. (C) Disruption of E-box1, E-
box2, and both E-boxes abolished necdin promoter activity in GT-
trk cells. (D) Schematic outline of the necdin promoter construct
used in transfection experiments and position of mutated E-boxes.

40-fold, respectively, indicating that these cofactors play an
important role in NSCL-2-mediated regulation of necdin gene
activity. Combined transfection of E12 and LMO-2 or LMO-4
led to a nearly 70-fold activation of NSCL-2 reporter gene
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activity (Figure 7A). Similar results were obtained when
multimerized E-boxes were used as transactivation targets
(data not shown).

To further prove that NSCL-2 transactivates the necdin
promoter in neuronal cells, we used the hypothalamic cell
line GT1-trk. Within this cellular context, we achieved an
even higher transactivation of approximately 100-fold
(Figure 7B). In contrast to the results obtained in HEK293
cells, supplementation of additional components of the
NSCL-2 transcriptional complex (i.e. E12, LMO-4, and
CLIM2) in GT1-trk cells did not lead to a further enhancement
of necdin promoter activity, indicating that GT1-trk cells
contain a sufficient concentration of all the necessary com-
ponents to allow NSCL-2 to assemble an active transcrip-
tional complex. Finally, we mutated the two E-boxes present
in the mouse necdin promoter either alone or in combination
by site-directed mutagenesis to demonstrate that transactiva-
tion of the necdin promoter by NSCL-2 was indeed mediated
by the identified E-boxes. As expected, mutation of either
E-box led to virtually complete inactivation of the necdin
promoter (Figure 7C) irrespective of the presence or absence
of additional components of the NSCL-2 transcriptional
complex.

Discussion

NSCL-1 and NSCL-2 synergistically determine GnRH-1
neurons

Our findings suggest that NSCL-1 and NSCL-2 have over-
lapping functions for the specification of GnRH neurons,
since the combined knockout led to a virtually complete
absence of GnRH neurons in the posterior parts of the
brain. Redundancy between different bHLH genes for the
determination of specific cell types has been described before
(Schwab et al, 1998) although the NSCL-1/2 double knockout
has some distinctive features: (i) It affects a comparatively
small cell population that comprises only a couple of hundred
neurons. (ii) Despite a strong and lasting coexpression of
NSCL-1 and NSCL-2 during the early steps of neurogenesis in
virtually all cells of the sensory system, the double mutants
lack any defects during development and any obvious major
malformations in CNS structures such as the cortex and
cerebellum (Cogliati et al, 2002; Kruger and Braun, 2002).
(iii) NSCL-1-deficient mice do not seem to have any defects
whatsoever in the development of GnRH-1 neurons and the
sensory system. In contrast to the lack of NSCL-2, which can
be only partially compensated by NSCL-1, NSCL-2 seems to
balance the absence of NSCL-1 entirely. The current data
suggest that all cells that express NSCL-1 also express NSCL-
2, but not all cells that express NSCL-2 contain NSCL-1.
Alternatively, it is possible that both transcription factors
are coexpressed in all GnRH neurons but are incapable of
full functional compensation. Nevertheless, this option seems
less likely given the very high sequence similarity of both
proteins and the equivalence of both proteins in several
functional assays.

The severe reduction of GnRH-1 neurons in NSCL-1/2
mutant mice is most likely caused by a cell autonomous
migration defect

In principle, it is possible that the reduction of GnRH-1
neurons in NSCL-2 and NSCL-1/2 mutant mice is either due
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to a cell autonomous defect or is caused indirectly by short-
comings in neurons that guide or otherwise regulate GnRH-1
cells. We have clearly shown that NSCL-1 and NSCL-2 are
both expressed in GnRH-1 neurons. The projections of vo-
meronasal nerve fibers, which are thought to guide migrating
GnRH-1 cells, were normal in NSCL-1/2 double mutants
based on lacZ staining and expression of peripherin and
NCAM. Similarly, no obvious alterations within olfactory
and forebrain areas, with the exception of the lack of
GnRH-1-positive cells, were detected when double homozy-
gous animals were compared to heterozygous and double
heterozygous animals using the lacZ reporter genes located
within the NSCL-1 and NSCL-2 loci, again supporting the idea
of a cell autonomous phenotype.

Interestingly, the initial generation of GnRH-1 neurons was
not affected in NSCL-2 and NSCL-1/2 mutant embryos. Only
those GnRH-1 neurons that have already crossed the cribri-
form plate and migrated to the ventral forebrain were reduced
from the early developmental stage onwards. This tendency
became more pronounced during later development so that
virtually no GnRH-1 neuron was present throughout the POA
at E18.5. These results suggested that NSCL-1/2 mutant
GnRH-1 cells do not reach a stage that enables them to
migrate past the cribriform plate. In further support of this
hypothesis, we observed that the low number of NSCL-1- and
NSCL-2-deficient GnRH neurons, which managed to enter the
POA, showed an aberrant morphology, with only short
processes, a clear indicator for deviant differentiation. In
addition, NSCL-1 and NSCL-2 are expressed exclusively in
postmitotic neurons throughout the CNS excluding a decisive
role in early determination of GnRH cells. Instead, NSCLs
seem to control neuronal differentiation steps that follow the
foundation of this neuronal lineage. Most importantly, the
ability of GnRH-1 neurons to migrate might be seen as a
result of differentiation events that enable targeted movement
of cells.

We did not observe a misguided migration of GnRH-1
neurons to inappropriate destinations as seen in other muta-
tions affecting migration of GnRH-1 neurons. For example,
overexpression of glutamic acid decarboxylase-67 (GAD-67)
in GnRH-1 neurons led to a misdirection of GnRH-1 neurons
into the cortex (Heger et al, 2003). Another example concerns
the inactivation of the Ebf-2 transcription factor, which has
been shown to result in a loss of migrating GnRH-1 neurons
and a lack of immunoreactive fibers in the median eminence
at PO (Corradi et al, 2003). Ebf2—/— mice show no changes in
the early appearance of GnRH-1 neurons but an abnormal
retention of GnRH-1 neurons in the nasal cavity, where these
neurons seem to degenerate eventually. In contrast to GAD-67
overexpression, which affects the structures that guide
GnRH-1 neurons, cell autonomous defects seem to prevail
in Ebf2—/— mice and NSCL-1/2 double mutants. Further
studies will unveil the functional relationship between
these genes.

Necdin is a direct target gene of NSCLs and might
mediate NSCL-dependent differentiation and inhibition
of cell proliferation

A hallmark of NSCL genes is their expression in postmitotic
neurons and the inhibition of cell proliferation in various
assays (K Ruschke et al, unpublished observations). The
identification of necdin as a potential target gene of NSCLs
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reflects this function since necdin and other members of the
MAGE family have been shown to induce differentiation and
inhibit cell proliferation (Taniura et al, 1999; Kobayashi et al,
2002; Tcherpakov et al, 2002). The observed reduction of
necdin within the medial preoptic nucleus of NSCL-2 mice
as well as the severe reduction of necdin expression in the
POA of the hypothalamus in NSCL-1/2 double mutant
mice met requirements for an NSCL target gene. We reason
that MAGE proteins and necdin in particular might be
instrumental for NSCLs to inhibit cell cycle progression of
neuronal cells and to promote their differentiation
(Yoshikawa, 2000).

The human necdin gene maps to chromosome 15q11-13,
which is deleted in patients with PWS (Jay et al, 1997;
MacDonald and Wevrick, 1997). The major symptoms of
PWS are obesity and hypogonadism, which resemble the
NSCL-2 knockout phenotype. In the mouse, targeted muta-
tion of the necdin gene resulted in a loss of some hypotha-
lamic neurons including GnRH-1-positive neurons (—30%)
and behavioral alterations, which are reminiscent of human
PWS (Muscatelli et al, 2000). Necdin belongs to the MAGE
family of cellular regulatory factors, which comprises a large
number of genes (Barker and Salehi, 2002). Since the reduc-
tion of GnRH-1 neurons observed in necdin-deficient mice is
not as severe as in NSCL-1/2 double homozygous mice
(Muscatelli et al, 2000), it is not unlikely that other members
of this large family, which might be affected by the absence of
both NSCL-1 and NSCL-2, partially compensate for the lack of
necdin. This assumption is also supported by differences
between different necdin knockout stains with phenotypes
ranging from virtually normal to early postnatal lethality
(Gerard et al, 1999; Tsai et al, 1999; Muscatelli et al, 2000).
It seems possible that some PWS patients who were diag-
nosed based on their clinical appearance and who lack a
mutation in the classical PWS locus might instead suffer from
an NSCL mutation.

To prove that necdin is indeed a direct target gene of NSCLs
and not downregulated due to secondary mechanisms or an
absence of necdin-expressing cells, we analyzed the promoter
of the necdin gene. Using a transient transfection assay in the
non-neuronal cell line HEK293 and the hypothalamic cell line
GT1-trk, we demonstrated that NSCL-2 together with addi-
tional cofactors stimulated the promoter up to 100-fold.
Moreover, we localized two E-boxes within the mouse pro-
moter, which strongly bound NSCL-2 (and NSCL-1) in vitro in
band shift experiments and together with LIM domain pro-
teins conferred NSCL-dependent activity to a basic promoter.
The same E-boxes also mediated binding of NSCL-2 to the
endogenous necdin promoter within its native chromatin
structure in vivo as indicated by ChIP experiments. Finally,
mutations of either E-box disrupted necdin promoter activity
completely, demonstrating the crucial importance of these
regulatory elements for transcriptional regulation. In our
view, these results provide unequivocal evidence that
NSCLs can directly activate the necdin promoter.

Our data support a model in which NSCLs in combination
with E12 and LMOs control expression of necdin in a limited
subset of hypothalamic neurons, in particular in GnRH-1
neurons. Since necdin induces neuronal cell differentiation
and inhibits cell proliferation, NSCL-driven necdin expression
might allow GnRH-1 neurons to reach a new stage of differ-
entiation, enable these cells to cross the cribriform plate,
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project axons to the median eminence, and complete their
cellular program.

Materials and methods

Mice

The generation of NSCL-1 knockout mice has been described before
(Kruger and Braun, 2002). The targeting vectors to obtain NSCL-2
knockout mice were constructed by insertion of a 6.5kbp Sall-
BssHII fragment derived from the 5 region of the NSCL-2 gene
comprising the first exon and a part of the second exon into the
vector pWH9 in front of an internal ribosomal entry site, the coding
region of the lacZ gene and the neomycin resistance cassette. A
1.3 kbp Sall-BssHII fragment from the 3’ region of the NSCL-2 gene
was inserted behind the selection cassette to generate a 3'-
homology fragment. The recombination vector replaced parts of
DNA binding bHLH region by lacZ and neomycin genes. Electro-
poration and selection of J1 ES cells were performed as described
previously. To identify correctly targeted clones, a 3’ external probe
(1.3kbp Sacl/Scal fragment) was used to detect a 9.5kbp Bglll
fragment in the wild-type allele and a 2.8kbp fragment in the
mutant allele by Southern blot hybridization.

Histology and immunohistochemistry

For immunohistochemical stainings, mice were transcardially
perfused with phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde. After perfusion, the brains were removed and
postfixed overnight at 4°C in the same fixative. To obtain 50 pm
vibratome sections, tissues were washed in PBS and embedded in
2% agarose/PBS. Each slice was transferred to an individual well of
a 24-well plate and reacted with the LR-1 antiserum (kindly
provided by Dr Robert Benoit, McGill University, Montreal, Quebec,
Canada) at a dilution of 1:10 000. Bound antibody was visualized as
described (Kruger and Braun, 2002). Detection of B-galactosidase
activities by whole-mount X-Gal staining was performed as reported
(Kruger and Braun, 2002). For double labeling, frozen sections were
initially stained for p-galactosidase activity followed by the
appropriate immunostaining. Whole-mount in situ hybridization
on free floating and cryosections was performed as described
(Mennerich and Braun, 2001). The necdin antisense probe was
synthesized from a 1.5kbp cDNA fragment using T3 RNA
polymerase. Statistical analysis was performed with Student’s t-
test. The level of significance was set at P<0.05. Data were
presented as mean + standard error of the mean. Usually three pairs
of wild-type and mutant mice for each developmental stage were
counted for GnRH-1-positive neurons (n=3).

Plasmids, cell culture, and transfections

The coding regions of mouse NSCL-2, LMO-1, LMO-2, and LMO-4
were cloned into the eukaryotic expression vector pCS2+ MT
(Mennerich and Braun, 2001). For efficient in vitro transcription/
translation, cDNAs for NSCL-1/2, E12, and LMO were inserted
into pT7B-Sal (Braun and Arnold, 1991). The reporter construct
pTA-Luc-NP was constructed by insertion of the 5'-flanking region
(—844 to +63) of the necdin gene, which was obtained by PCR
amplification using genomic mouse DNA, into the Xhol site of pTA-
Luc (Clontech). The reporter constructs pTA-Luc-NPbox1, -box2,
and -box1, 2, which carry mutations in E-box1, E-box2, and in both
E-boxes of the mouse necdin promoter, were generated using the
Quick Change Site-Directed Mutagenesis Kit according to the
instructions of the manufacturer (Stratagene). E-box1 was mutated
from CATGTG to TCGGTG, and E-box2 from CACATG to TGAATG.
The expression vector for E12 has been described before (Braun
et al, 1990). HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% FCS and transfected with 2 pg of
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Electrophoretic mobility shift assay

Sequences of oligonucleotides derived from the necdin promoter
and used for band shift assays were as follows: E-boxl
GGGCCCTCATT-TTCATGTGGGGCCTGGGGG;  E-box2  GGCATT
CAAATCTCACATGGATTTATCTCC. For competition experiments,
different oligonucleotides with mutated E-boxes were used: Elmut
GG-ATGGGTGCGTGGGGCC; E2mut GGAACAGACTATGGATTT.
NSCL-2-myc protein was synthesized by coupled in vitro transcrip-
tion/translation using the TNT System (Promega). Protein/DNA
complexes were resolved using a 4% native polyacrylamide gel in
0.5 x TBE bulffer.

Chromatin immunoprecipitation

293T or GT-1 cells were transfected with NSCL-2, E12, CLIM2, and
LMO-4 or with pCS2MT as a negative control. At 48h after
transfection, 107 cells were collected in culture medium. Protein-
DNA complexes were crosslinked with 1% formaldehyde for 15 min
at room temperature and quenched with 36 mM glycine for 5min.
Cells were washed with TBS, collected by centrifugation, resus-
pended in RIPA buffer with protease inhibitors, and passed several
times through a 2l-gauge needle. Chromatin was sheared by
sonication. Cleared extracts were incubated with Protein G
Sepharose (Amersham Biosciences) to reduce unspecific binding.
Immunoprecipitation was carried out with the aid of a monoclonal
antibody against the c-myc epitope (clone 9E10) and Protein G
Sepharose. Beads were washed four times in RIPA buffer, RIPA,
LiCl/detergent solution, and TBS. After elution of immunoprecipi-
tates with 1% SDS/TE, crosslinking was reversed by incubation at
65°C for 6 h. Proteinase K-treated samples were cleared by phenol/
chloroform extraction and DNA was precipitated. Precipitated
chromatin regions were identified by PCR using primers that flank
the two E-boxes of the mouse necdin gene (in the case of GT1-trk
cells) resulting in a 277bp fragment (primer 1: CAACAAACTGAG
CATCCAATGA; primer 2: GAATGCAGATCAAACAAGC-AAGA), or
primers that flank the second E-box of the human necdin gene (in
the case of 293T cells) resulting in a 276bp fragment (primer 1:
CTGGGCAGAGGGAAAAGACAT; primer2: ATCGACTCCCTACCAAAT
CAGA). PCR products were cloned and verified by sequence
analysis.
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