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NPARM in PHOX2B: why some things
just should not be expanded

Michael D. Gershon

Department of Pathology and Cell Biology, Columbia University, New York, New York, USA.

Although the neural crest and its derivatives have been studied for a very
long time, disorders of derivatives of the crest, the neurocristopathies, are
not well understood. In this issue of the JCI, Nagashimada et al. provide
an elegant analysis of one neurocristopathy, the association of neuroblas-
toma (NB) with Hirschsprung disease (HSCR) (aganglionosis of the termi-
nal bowel) and congenital central hypoventilation syndrome (CCHS) (also
known as NB-HSCR-CCHS), linked to mutations in PHOX2B. In a mouse
model, Nagashimada et al. demonstrate that a disease-linked mutation pro-
motes tumorigenesis and disrupts neurogenesis, sympathetic gangliogen-
esis, and crest cell colonization of the terminal bowel. They also show that
mutant PHOX2B results in decreased proliferation of crest-derived cells and
the development of glia at the expense of neurons. The work raises intrigu-
ing issues about the possible common origin of sympathetic and enteric
nervous systems and provides new hope that we may someday understand
the vexing abnormalities in gastrointestinal function that persist after the

surgical treatment of HSCR.

The neural crest has long been recognized
to be a gift that evolution has given to
developmental biologists. It is a transient
structure comprising cells that are prob-
ably heterogeneous (1), but that, as a unit,
is multipotent, giving rise to melanocytes,
Schwann cells, sympathetic neurons, para-
sympathetic neurons, enteric neurons,
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enteric glia, endocrine cells, fibroblasts,
muscle, bone, cartilage, and meninges (2).
The neural crest thus provides opportuni-
ties to study the cellular and molecular
mechanisms of epithelial-mesenchymal
transformation (and the reverse), migra-
tion, aggregation, and differentiation. It
has been a gift that just keeps on giving.
Despite the developmental biological trea-
sure that the neural crest has provided,
however, the disorders that stem from
neural crest dysfunction, the neurocris-
topathies (3), remain vexatious.

http://www.jci.org  Volume 122

Number 9

In this issue, Nagashimada et al. (4), in
a truly remarkable study, have now pro-
vided a real insight into how a mutation
in PHOX2B, a gene that encodes a paired
homeodomain transcription factor that
plays a critical role in the development of
crest-derived autonomic neurons (5), can
act in different cells in a gain-of-function
or in a loss-of function manner. The gain-
of-function activity is tumorigenic, causing
neuroblastomas (NBs) to arise in the sym-
pathetic nervous system, while perversely
synergizing with the loss-of-function effect
to disrupt neurogenesis, sympathetic gan-
gliogenesis, and crest cell colonization of
the terminal bowel, which becomes agan-
glionic (Hirschsprung disease [HSCR]).
The faults in formation of neurons and
ganglia appear to be the result of a failure
of the reciprocal inactivation of PHOX2B
and SOX10.

During normal development, crest-
derived precursors of sympathetic and
enteric neurons initially express SOX10,
but acquire PHOX2B when they enter
the preaortic (6) or enteric mesenchyme
(7-9). Bipotent progenitors express both
PHOX2B and SOX10, but SOX10 is inac-
tivated in cells that are destined to form
neurons, and PHOX2B is inactivated in
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The role of PHOX2B in maintaining a balance in glial and neuronal differentiation. During nor-
mal development, crest-derived precursors of sympathetic and enteric neurons initially express
SOX10 but acquire PHOX2B when they enter the preaortic or enteric mesenchyme. These
bipotent progenitors express both PHOX2B and SOX10, but SOX70 is inactivated in cells that
are destined to form neurons, while PHOX2B is inactivated in cells that give rise to glia. Nagashi-
mada et al. demonstrate that the balance between PHOX2B and SOX10 is the result of their
mutual and reciprocal suppression. Mutation in PHOX2B upsets this balance and weakens the
inactivation of SOX10, which inhibits early proliferation and biases differentiation of progenitors
toward the glial fate at the expense of the neuronal lineage.

cells that give rise to glia (10). Nagashima-
da et al. (4) demonstrate that the balance
between PHOX2B and SOX10 is evidently
the result of their mutual and reciprocal
suppression. Mutation in PHOX2B upsets
this balance and weakens the inactivation
of SOX10, which inhibits early prolifera-
tion and biases differentiation of progeni-
tors toward the glial fate at the expense of
the neuronal lineage (Figure 1). As if dis-
rupted sympathetic ganglia, HSCR, and
NBs were not enough, the mutation also
interferes with the development of parafa-
cial brainstem neurons, which are involved
in the control of respiration, leading to
congenital central hypoventilation syn-
drome (CCHS), or Ondine’s curse, in which
respiratory arrest occurs during sleep (11,
12). Affected individuals thus suffer from
an unholy trinity of NB-HSCR-CCHS,
which dooms them to a precarious life of
frequent surgeries, tethering to medical
machines, and imperfect treatment.

Identifying the genetic cause

of disease

Most of the PHOX2B mutations found in
patients with the NB-HSCR-CCHS associa-
tion are missense or open reading frame-
shifting nucleotide deletions/insertions
(13, 14). The PHOX2B protein contains a
single homeodomain and two polyalanine
repeat sequences. An expansion of the sec-
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ond polyalanine repeat is associated with
CCHS, but mutations leading to non-
polyalanine repeat expansion mutations
(NPARMs) in PHOX2B accompany the
NB-HSCR-CCHS association (5, 15). The
observation that NPARMs in PHOX2B
accompany the NB-HSCR-CCHS asso-
ciation was exciting; however, a correla-
tion cannot, by itself, establish causation.
A remarkable feature of the report of
Nagashimada et al. (4) is that it comes very
close to making that leap.

Nagashimada et al. (4) did not say so, but
their work can be thought of as a molecu-
lar genetic analog of Koch’s postulates,
which provide criteria for establishing
causation of infectious diseases (16). The
NB-HSCR-CCHS association, of course,
is not an infectious disease, but the anal-
ogy is apt. Koch’s first and second postu-
lates stipulate that the putative organism
is found in, and isolated from, virtually
every individual in whom the disease is
manifest, but is not found in individuals
in whom it is not manifest (although Koch
modified his postulates to include carri-
ers who harbor the organism but do not
become ill). In the molecular genetic anal-
ogy, NPARMs in PHOX2B, rather than
an organism, are found in patients with
the NB-HSCR-CCHS association, and the
NB-HSCR-CCHS association is not seen
in individuals that lack NPARMs. Koch’s
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third and fourth postulates stipulate that
the putative organism mimics the disease it
is suspected of causing when injected into
a healthy organism and then that it may
be isolated from the experimentally infect-
ed subject. In molecular genetic terms,
Nagashimada et al. (4) have now taken the
mutant NPARM form of human PHOX2B
and introduced it into the mouse Phox2b
locus. When that is done, clinical features
of the NB-HSCR-CCHS association are
recapitulated in the transgenic mouse.
Unfortunately, the recapitulation is not
perfect in that the transgenic mice display
disrupted sympathetic ganglia, HSCR, and
CCHS, but not NBs. Mice, however, are not
human, and the heterozygous mice bear-
ing the NPARM in the Phox2b locus may
not survive long enough to acquire NBs.
Nagashimada et al. present their data with
suitable qualification, but their work is
strong evidence that NPARM in PHOX2B
causes the NB-HSCR-CCHS association.

Developmental insight

Nagashimada et al. (4) also contribute to
our understanding of the role of PHOX2B
in development. They show that NPARM
PHOX2B is a dominant negative inhibi-
tor of the transactivation of the dopamine
B-hydroxylase (DBH) promoter by wild-
type PHOX2B and that NPARM causes
PHOX2B to repress rather than transacti-
vate a Sox10 enhancer. Those observations
provide critical documentation of the
reciprocal actions of PHOX2B and SOX10
during autonomic development. When
the ability of PHOX2B to suppress SOX10
is compromised, not only is gliogenesis
enhanced and neurogenesis reduced, but
also the early proliferation of precursors in
the anlagen of enteric and sympathetic gan-
glia is reduced. Continued proliferation of
precursors is particularly important in the
gut, where colonization of the entire bowel
depends on it. Premature differentiation
of enteric crest-derived cells has previously
been implicated in their failure to colonize
the entire bowel when endothelin 3/endo-
thelin B signaling is compromised (10, 17,
18). Precursors proliferate, but neurons
do not. A sufficiently large population of
crest-derived precursors of vagal (the larg-
est source) and sacral origin is necessary to
colonize the entire bowel (19). Because pro-
liferation within the enteric mesenchyme is
essential to achieving the critical number
of crest-derived cells to complete the job
of getting to the bottom of the bowel, it
is easy to understand why an NPARM in
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PHOX2B that interferes with the prolifera-
tion of enteric crest-derived cells at an early
stage of development might lead to the ter-
minal aganglionosis of HSCR.

The making of a nervous system

The experiments of Nagashimada et al. (4)
also provide interesting support for an old
suggestion that sympathetic and enteric
neurons may be derived from a common
intermediate progenitor (20). This idea
arose, in part, from observations that tran-
siently catecholaminergic (TC) cells appear
early during the development of the gut
in rats (E11-E14) and mice (E10-E13)
(21-24). These cells, which express neu-
ral crest markers, such as p7SNTR and
neuronal markers, including neurofila-
ment proteins, actively proliferate (22).
TC cells, therefore, are clearly not neurons,
although they are probably committed
to the neuronal lineage. In fact, the many
catecholaminergic markers that TC cells
express, including tyrosine hydroxylase,
DBH (22), the norepinephrine transporter
(NET) (25, 26), and fetal sympathoadrenal
differentiation antigens (20, 27), are also
expressed by the permanently catechol-
aminergic sympathetic neurons, TC cells,
and sympathetic neurons; moreover, both
depend on expression of the Ascll tran-
scription factor (28-30). As development
progresses, TC cells disappear because they
give rise to noncatecholaminergic neurons,
including all of the serotonergic neurons
of the enteric nervous system (ENS) (30).
Although the terminally differentiated
neuronal successors of TC cells lack cat-
echolamines, they continue to express a
limited set of the catecholaminergic prop-
erties of their fetal predecessors, including
DBH (22) and NET (26). The significance
of this continued expression is not entirely
clear, but it has been noted that TC cell-
derived enteric serotonergic neurons, which
express both DBH and NET, are deficient
in mice that lack NET. It thus may be more
than coincidental that DBH is a target of
PHOX2B and that Nagashimada et al. (4)
report that NPARM in PHOX2B exerts
a dominant negative effect that impairs
transactivation of the DBH promoter by
wild-type PHOX2B.

Remaining questions

The roles that DBH and NET play in
ENS development and the significance
for the ENS of PHOX2B transactivation
of DBH require further investigation. It
would probably be useful to look at the

phenotypes of the neurons in the proxi-
mal ganglionated bowel in patients with
HSCR, particularly those with the NB-
HSCR-CCHS association. Excision of the
aganglionic bowel in patients with HSCR
is lifesaving, but the function of the gut
after surgery is often disappointing. These
results may well be the result of abnormali-

ti

es of neuronal development in the gan-

glionated bowel. The ENS is complex, and
the mere presence of ganglia is not neces-
sarily evidence of normal development and
function. The work of Nagashimada et al.
(4) thus provides hints for new research as
well as insights into the derivation of the
NB-HSCR-CCHS association.
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