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nervous system development and in the
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Hirschsprung disease (HSCR) is a human congenital disorder, defined by the absence of ganglia from vari-
able lengths of the colon. These ganglia comprise the enteric nervous system (ENS) and are derived from
migratory neural crest cells (NCCs). The inheritance of HSCR is complex, often non-Mendelian and character-
ized by variable penetrance. Although extensive research has identified many key players in the pathogen-
esis of Hirschsprung disease, a large humber of cases remain genetically undefined. Therefore, additional
unidentified genes or modifiers must contribute to the etiology and pathogenesis of Hirschsprung disease.
We have discovered that Tcofl may be one such modifier. Haploinsufficiency of Tcof1 in mice results in a
reduction of vagal NCCs and their delayed migration along the length of the gut during early development.
This alone, however, is not sufficient to cause colonic aganglionosis as alterations in the balance of NCC pro-
liferation and differentiation ensures NCC colonize the entire length of the gut of Tcof1*/~ mice by E18.5. In
contrast, Tcof1 haploinsufficiency is able to sensitize Pax3*/~ mice to colonic aganglionosis. Although, Pax3
heterozygous mice do not show ENS defects, compound Pax3;Tcof1 heterozygous mice exhibit cumulative
apoptosis which severely reduces the NCC population that migrates into the foregut. In addition, the prolif-
erative capacity of these NCC is also diminished. Taken together with the opposing effects of Pax3 and Tcof1
on NCC differentiation, the synergistic haploinsufficiency of Tcoff and Pax3 results in colonic aganglionosis
in mice and may contribute to the pathogenesis of Hirschsprung disease.

during which their survival, proliferation and differentiation
are intrinsically co-ordinated and integrated with the growth
of the gut tube (1,3). Failure to form a complete ENS results
in the absence of enteric ganglia (aganglionosis), which is

INTRODUCTION

One of the many challenges during embryonic development is
to ensure complete formation of a nervous system along the

entire length of the gastrointestinal tract. This enteric
nervous system (ENS) is part of the peripheral nervous
system that is required to regulate the secretory and peristaltic
activity of the gut (1) and the enteric ganglia are derived from
migratory progenitor cells called the neural crest. Neural crest
cells (NCCs), originating predominantly within the vagal
region (somites 1—7) of the neural tube (2), migrate extensive-
ly throughout the embryo and along the length of the gut wall

the underlying cause of the human disorder termed Hirsch-
sprung disease (HSCR) [for review see (4)].

HSCR is a complex multigenic disease that affects 1:5000
live births (5). Mutations have been identified in over a
dozen different genes with the receptor tyrosine kinase, RET
being the central player, responsible for 50% of familial and
around 20% of spontaneous cases (6). RET and endothelin sig-
naling pathway components, SOX10, ZEB2 and PHOX2B
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transcription factors, NRG1, KBP and L1-CAM have also
been implicated in the disease (1,3,4,7—10). In addition,
colonic aganglionosis has been associated with another dis-
order of NCC development called Waardenburg syndrome
(WS), (11). The paired-box containing transcription factor,
PAX3 is involved in type I and type III WS (12—14) and
homozygous loss of Pax3 in Splotch mice results in the
absence of enteric ganglia along the intestinal wall, an early
feature of HSCR (15). The effects of Pax3 loss-of-function
in these mice have been attributed to its regulation of the
main HSCR-associated gene, RET (15—17).

Despite the identification of many of the key players in
HSCR, the genetic basis of many HSCR cases remains
unknown. The inheritance of HSCR is complex, not always
Mendelian and often characterized by variable penetrance
(5). Therefore, other genes or modifiers must also be involved
in the etiology and pathogenesis of the disease (10). We re-
cently discovered in mouse models that haploinsufficiency of
Tcof1, which encodes the nucleolar protein Treacle, mimics
many of the early features of HSCR (18). p53-dependent
neuroepithelial cell death reduces the numbers of NCCs that
delaminate from the neural tube and migrate toward and into
the foregut in these mice (19). Pax3 loss-of-function also
results in p53-dependent neuroepithelial apoptosis and subse-
quent pathogenesis of intestinal aganglionosis. This common
mechanism implied Tcof1 and Pax3 may function synergistic-
ally in the formation of the ENS. Consequently, we discovered
in compound Pax3; Tcof1 heterozygous mice that Tcof1 acts as
a modifier of Pax3 during NCC development and in the patho-
genesis of colonic aganglionosis, which has important implica-
tions for our understanding of HSCR in humans.

RESULTS

Haploinsufficiency of TCOF] is associated with the craniofa-
cial neurocristopathy known as Treacher Collins syndrome
(20). In mouse models of this disorder, Tcof! loss-of-function
has been shown to induce p53-dependent cell death within
the neuroepithelium (19,21). This apoptotic elimination
diminishes the pool of NCCs which are needed to generate
most of the bone, cartilage and connective tissues of the
head and face. However, NCCs are born along nearly the
entire length of the neuraxis, and the vagal and trunk NCCs
are particularly important for organogenesis and peripheral
nervous system development. Consistent with this observation,
we recently identified a reduction in the vagal NCC progenitor
cell pool within TcofI™ ™ mice, together with a delay in their
migration along the length of the gut which affects ENS devel-
opment and mimics many of the early features of HSCR (18).
Loss of Tcof1 alone, however, is insufficient to cause colonic
aganglionosis as a complete ENS forms along the entire length
of the gut by birth (18). Similar to Tcof1+/ ~ haploinsuffi-
ciency, Pax3 loss-of-function also results in p53-mediated
neuroepithelial cell death, but in contrast to TcofI™ ™ mice,
this does result in intestinal aganglionosis in Pax3~’~ mice
(19,22). In humans, mutations in PAX3 are typically asso-
ciated with WS and although no direct connection to the
rarer Waardenburg-Shah syndrome (WS in combination with
Hirschsprung disease) has been identified to date, this raised

Human Molecular Genetics, 2013, Vol. 22, No. 6 1207

the question of whether TCOFI loss-of-function could act as
a modifier in the etiology of HSCR. Therefore, we explored
whether Tcof! interacts synergistically with Pax3 in the patho-
genesis of colonic aganglionosis.

Pax3 homozygous (Splotch) mutants die during mid-
gestation and show complete intestinal aganglionosis similar
to that observed in Ret mutant animals (23). In contrast
Pax3™'~ heterozygous mice are viable and normal except
for minor pigmentation defects as evidenced by the presence
of a white belly spot (24—26). We intercrossed Pax3 Splotch
heterozygous (Pax3"™ ") and TeofI™ ™~ animals to investigate
the synergistic effects of compound haploinsufficiency of
these genes on the development of the ENS. For simplicity,
animals that contain wild-type Pax3 and TcofI alleles herein
will be referred to as Pax3™", those that are wild-type for
TcofI but heterozygous for Pax3 will be denoted Pax3™ ™.
Animals that are heterozygous for Tcof! but wild-type at the
Pax3 locus are named TcofI™~. Mice that are heterozygous
at both loci will be described as Pax3, Tcof1 '~ and animals
containing two mutant copies of Pax3 will be labeled
Pax3~'".

E9.5-14.5 Tcof1™~ and Pax3;TcofI™~ embryos were typ-
ically slightly smaller than wild-type and Pax3™~ embryos,
however, they did not exhibit any developmental delay. To
ensure that any changes in ENS formation were not due to em-
bryonic size differences, we size matched all of the guts used
in the experiments described below. To analyze the ENS for-
mation, embryonic day (E) 12.5 size-matched whole guts were
co-immunostained with the neural crest marker, p75 and BIII
tubulin (TuJl) to identify neuroblasts and differentiated
neurons (Fig. 1). At this stage, NCCs were present within
the stomach, small intestine (SI) and cecum, and had advanced
along an average of 30% of the total length of the colon in
Pax3™* and Pax3"~ embryos. NCC numbers and the
extent of differentiation as measured by TuJ1 immunostaining
appeared equivalent (Fig. 1 and Supplementary Material, Fig.
S1). The position of the NCC migration wavefront was co-
incident with the rostral most extent of TuJl immunostaining
but not necessarily the most advanced TuJl+ cell body. In
contrast, in TcofI™’~ embryos, NCCs had only migrated
along the length of the SI and were typically halted at the
border with the cecum (» = 10/14, Fig. 1 and Supplementary
Material, Fig. S1). Furthermore, in almost a third of the guts
examined, NCCs had not even reached the end of the SI
(n=4/14). Close examination of these guts revealed that
whilst the number of p75+ cells in the stomach and SI
appeared similar to those within Pax3™" and Pax3™~
embryos, TulJl immunostainin; revealed fewer differentiated
neuronal cell bodies in TcofI*"~ embryos (Fig. 1). Concomi-
tant with reduced neuronal differentiation, there was increased
fasciculation of nerve fibers in the SI of Tcof1™~ embryos.

The combined haploinsufficiency of Pax3 and Tcofl
(Pax3;TcofI™ ™) resulted in a greater proportion of guts (50
versus 33% for Tcofl™~ embryos) where the NCCs had not
advanced to the end of the SI (rn = 6/12, Fig. 1 and Supple-
mentary Material, Fig. S1). In addition, fewer NCCs were
present within the gut wall of Pax3;TcofI™~ embryos in com-
parison with individual TcofI™~, Pax3*'~ and Pax3*'*
embryos (Fig. 1). Surprisingly though, despite the exacerbated
reduction in NCCs, more TuJl+ cells were observed within
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Figure 1. Delayed NCC migration in E12.5 TeofI™ ™, Pax3;TcofI™~ and Pax3~’~ guts. p75 and TulJl immunostaining of E12.5 size-matched whole guts
shows NCC have colonized an average of 30% of the colon in Pax3"* and Pax3*~ guts; however, there is a successive reduction in the colonization of
the gut length from TcofI™ ™ to Pax3;TcofI™ ™ to Pax3™'~ guts. Reduced neuronal differentiation is apparent in Tcofl ™~ guts in comparison with other geno-
types as seen by fewer Tul1+ cell bodies. White arrowhead denotes the NCC migration wave-front in TcofI'~, Pax3;Tcof1™'~ and Pax3 ™'~ guts. P, proximal.

the stomach and SI in contrast to TcofI™~ guts. Inmunostain-
ing of EI12.5 guts from independent intercrosses of Pax3
splotch heterozygous mice showed that the complete loss of
Pax3 (Pax3~’") resulted in an extensive migration delay of
NCCs such that only the stomach contained p75+ cells as
has previously been described [Fig. 1 and (15)]. Reduced neur-
onal differentiation was also apparent in these preparations
and the vast majority of TuJl immunostaining was restricted
to the extrinsic innervation of the stomach (Fig. 1). Whilst
the ENS phenotype of the Pax3;TcofI™~ embryos was not
as severe as Pax3 /", there was a significant increase in the
proportion of guts that showed delayed colonization of the
SI in comparison with TcofI™~ embryos. Therefore, a syner-
gistic interaction between TcofI and Pax3 increased the sever-
ity of ENS defects in comparison with individual Tcof1™~
or Pax3™'~ mutants. Interestingly, the mechanism by which
these two genes affect NCCs within the gut wall appears
to be different as seen by their opposing effects on NCC
differentiation.

Examination of E14.5 embryos using TuJ1 revealed that the
entire length of the colon contained neural crest-derived cells
in Pax3"" and Pax3"~ embryos (n = 20 and 22, respective-
ly, Supplementary Material, Fig. S2). In contrast, the migration
wavefront was delayed in almost half of the TcofI™ ™~ guts
(n=9/19, Supplementary Material, Fig. S2). The neuronal
cell bodies and nerve fibers were organized into a characteristic
network along the SI that aPpeared to be equivalent to that
seen in Pax3"™" and Pax3""~ guts (Supplementary Material,
Fig. S2). Immunostaining of the guts of Pax3;Tcofl™~
embryos, however, revealed a significant delay in the extent
of colonization by neural crest derived-cells such that only
one of the guts analyzed had cells present at the end of the
colon. All of the other guts examined showed a reduction in
the migration of neural crest-derived cells (n = 20/21, Supple-
mentary Material, Fig. S2). Indeed, TuJ1+ cells had not even
advanced into the colon in some of the guts. Despite this exten-
sive migration delay along the length of the gut, the neuronal
network present in the SI was similar to that observed in
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Figure 2. Reduced proliferation within the NCC that migrate toward and into the foregut in Pax3;TcofI™~ and Pax3~/~ embryos. The mitotic index of NCC
was determined by counting pHH3+-/p75 double-positive cells in cryosections at the vagal neural tube level (somites 1—7) of Pax3™'*, Pax3/", Teofl™~,
Pax3;Tcof]+/ ~ and Pax3~ embryos. There is an incremental reduction in the numbers of NCC around the foregut in Tcofl e Pax3;Tcofl +~ and
Pax3~'~ embryos, respectively. White asterisk denotes the severe reduction of p75 immunostaining around the foregut in Pax3;TcofI"’~ embryos and the
absence of p75+ NCC around the foregut in Pax3~’~ embryos. Nuclei are labeled with DAPIL. pHH3, phospho Histone H3.

guts from all of the genotypes analyzed, whilst, the cecum
often contained regions devoid of TuJl immunostaining.
Therefore, as development proceeded, the perturbation of
ENS development in Pax3;TcofI™~ guts became more pro-
nounced such that there was an increase in the incidence and
extent of migration delay detected in these embryos compared
with Tcofl™’~ embryos.

Cell death within the NCC progenitor pool is increased in
compound mutants

Reduced colonization of the gut wall by NCCs could result
from altered survival or proliferation of the initial progenitor
cell pool. Therefore, we co-immunostained 10 pm cryosec-
tions of the vagal neural tube (somites 1-7) in E9.5-10.5
embryos from Pax3"'~ and TcofI™ ™ intercrosses and inde-
pendent matings of Pax3™~ mice with p75 to mark NCCs
and either phosphoHistone H3 or TUNEL to identify mitotic
or apoptotic cells, respectively. Transverse sections clearly
showed that the neural tube of TcofI™~ embryos is smaller
than that of Pax3 +, Pax3"~ and Pax3™/ embryos,
whilst the neural tube of compound Pax3; Tcof] heterozygotes
were even further reduced in size (Fig. 2). Despite this size
difference, no developmental delay was observed in these
embryos. Analysis of the p754 cells that had migrated
toward and into the foregut demonstrated that there was no
statistical difference in NCC numbers between Pax3™" and
Pax3™'~ embryos (Fig. 3 and Supplementary Material,
Table S1). However, there was a progressive 40, 67 and
87% reduction of NCCs in Tcofl™ ™, Pax3;Tcofl™’~ and
Pax3~’~ embryos, respectively (Fig. 3 and Supplementary
Material, Table S1). In addition, there was a significant de-
crease in the proportion of mitotic NCCs in Pax3;Tcofl =
embryos when compared with Pax3™" counterparts (8.1 +
1.9 versus 11.1 + 1.4%, P = 0.02; Figs 2 and 3 and Supple-
mentary Material, Table S1) as measured through dual p75,
phosphoHistone H3 immunostaining. The reduction in

mitotic NCCs was even more pronounced in Pax3 '~
embryos (4.3 + 1 versus 11.1 + 1.4%, P =3x 10_5; Figs 2
and 3 and Supplementary Material, Table S1). This demon-
strates the relative importance of both Tcof1 and Pax3 in regu-
lating vagal NCC proliferation.

TUNEL immunostaining revealed extensive apoptosis in
the neuroepithelium of Tcofl™~ and Pax3;Tcofl™~
embryos compared with Pax3"", Pax3%'~ and Pax3™'~
embryos (Fig. 4 and Supplementary Material, Table S1). We
also identified a small number of TUNEL+ NCCs that had
migrated toward and into the foregut. The degree of apoptotic
NCCs was equivalent between Pax3™", Pax3"~ and
TcofI™~ embryos (Figs 3 and 4 and Supplementary Material,
Table S1). In contrast, the percentage of apoptotic NCCs was
increased in Pax3,;TcofI™~ embryos (5.9 + 0.6 versus 2.7 +
0.8%, P=8.6x10">; Fig. 3 and Supplementary Material,
Table S1) and further exacerbated in Pax3~/~ embryos
(7.2 £ 1 versus 2.7 + 0.8%, P =1.3x 1076; Fig. 3 and Sup-
plementary Material, Table S1). Taken together, these data
show that diminishment of the NCC progenitor cell pool mi-
grating toward and into the gut is caused by neuroepithelial
apoptosis in  Tcofl™'~, Pax3;Tcofl™”~ and Pax3~/~
embryos. However, this is then further exacerbated by
decreased proliferation and a concomitant increase in apop-
tosis in migrating NCCs within Pax3,Tcofl"~ and Pax3~'~
embryos. Indeed, these changes reflect the incremental sever-
ity of the effect of loss of these genes on ENS formation
observed within the guts of Tcofl ™'~ , Pax3;Tcofl compound
heterozygote and Pax3~/~ mutant embryos.

Haploinsufficiency of TcofI alters the commitment of the
progenitor cell pool that migrates into and along the gut

Pax3 has previously been demonstrated to physically interact
with the transcription factor Sox10 to regulate the expression
of the receptor tyrosine kinase gene, RET (15-17), the
major effector gene of HSCR (4,6). Sox10 is expressed in
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Figure 3. Histograms showing smaller progenitor cell pool sizes in Teofl™ ™,
Pax3;Tcofl™’~ and Pax3~’~ embryos as a result of reduced proliferative cap-
acity and increased apoptosis. NCC proliferation and apoptosis were deter-
mined in 10 pm cryosections of embryos at the vagal neural tube level
(somites 1-7). Specifically pHH3+/p75 or TUNEL+/p75 double-positive
cells were scored within these embryos. The number of NCC numbers were
reduced by 40% in Tcofl™™, 67% in Pax3;Tcofl™’~ and 87% in Pax3 ™'~
embryos, respectively. These reductions were associated with a smaller prolif-
erative capacity and increased apoptosis in Pax3;Tcofl"’~ and Pax3™/~
embryos only. pHH3, phospho Histone H3.

early migrating NCCs and maintains ENS progenitors in a
multipotential state (27—30). In contrast, RET expression is
initially detected within the NCCs as they reach the foregut
and is up-regulated within the cells that become committed
to a neuronal fate (29-31). To investigate whether the loss
of Pax3 and/or Tcofl has an effect on the identity of the
ENS progenitor cell pool, we co-immunostained 10 pwm cryo-
sections of E10 embryos from Pax3"~ and Tcofl™ ™ inter-
crosses with Sox10 and p75 and determined that the vast
majority of the p754+ NCCs that migrate toward and into
the foregut express Sox10 in embryos of all genotypes exam-
ined (Supplementary Material, Fig. S3). We then
co-immunostained the cryosections with either RET and
Sox10 or RET and p75 to determine the proportion of multi-
potential NCCs within each of the different genotypes. Exam-
ination of the sections co-immunostained with Sox10 and RET
revealed that haploinsufficiency of Tcof! reduced the percent-
age of Sox10+ cells that were co-expressing RET [69.7 + 10
versus 98 + 1%, P = 0.02; Fig. 5 and (18)]. We also identified
a small but statistically significant reduction in the proportion
of RET+ cells-expressing Sox 10 that had migrated toward the
foregut in Pax3;Tcofl™~ embryos in comparison with their
wild-type counterparts (94.4 + 2.7 versus 98 + 1%, P=
0.03; Fig. 5). Pax3~’~ embryos were not included in these
analyses since very few NCCs were seen around the foregut
at these stages where RET expression is first detected.

Since we identified a large reduction in the fraction of NCCs
expressing RET in TcofI™'~ embryos compared with wild-
type embryos (Fig. 5) and we also observed reduced differen-
tiation of neural crest-derived cells within the gut of these
embryos at E12.5 as determined by TuJl immunostaining
(Fig. 1), we examined the expression of RET within the
p754 NCCs present in the SI. For this analysis, we performed
co-immunostaining of 10 wm cryosections of E11.5 guts with
p75 and RET (Fig. 5). The percentage of RET+ NCCs was
quantified both at the migration wavefront and along the SI.
There were reduced numbers of NCCs expressing RET at
the migration wavefront in the guts of TcofI™~ embryos
(86.8 + 8 versus 98.2 + 1%, P=0.002; Fig. 5) and to a
lesser extent along the SI (95 + 3 versus 99 + 1%, P =
0.007; Fig. 5). However, this effect was abolished when
Tcofl haploinsufficiency was combined with the loss of
Pax3 (Fig. 5) since similar proportions of RET+/p75+
NCCs were counted within Pax3;Tcof™ ™ and Pax3™" guts.
These data support the equivalent extent of NCC differenti-
ation observed within the intestines of Pax3;TcofI™~ mice
at E11.5 compared with their wild-t}/pe counterparts (Fig. 5).

In all, Pax3;Tcof1™'~ and Pax3~"~ embryos contain fewer
NCCs that migrate toward and into the gut than Tcofl™~
embryos. Whilst we observed a small reduction in the propor-
tion of Sox10+ cells expressing RET that had migrated
toward the foregut in Pax3;Tcofl™~ embryos, the extent of
differentiation of NCCs within the intestines was similar to
wild-type controls. In contrast, the ENS progenitor cell pool
in Tcofl™~ embryos was consistently less committed than
in the other genotypes which could account for the reduced
neuronal differentiation observed in these guts. These results
suggest that Pax3 functions to maintain the proliferative cap-
acity of NCCs, whilst Tcofl plays a role in regulating the dif-
ferentiation of these cells since the combined loss of one copy
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Figure 4. Apoptosis reduces the NCC numbers that migrate toward and into the foregut in TcofI™*'~, Pax3;Tcofl™~ and Pax3™’~ embryos. Apoptosis was
measured in these embryos using TUNEL and p75 immunostaining of cryosections at the vagal neural tube level (somites 1—7). TUNEL-positive cells were
detected in the neural tube of TcofI™' ™, Pax3;Tcofl *~ and to a lesser extent in Pax3~/~ embryos. In addition increased apoptosis was seen in the NCCs
that had migrated toward and into the foregut in Pax3;TcofI™™'~ and Pax3™~ embryos, seen in the higher magnification insert in figure and also the arrowhead
in the Pax3~’~ NT. White asterisk denotes the severe reduction of p75 immunostaining around the foregut in Pax3; TcofI'~ embryos and the absence of p75+
NCC around the foregut in Pax3~’~ embryos. Nuclei are detected with DAPI staining.

of each of the genes in Pax3;TcofI™~ embryos balances out
these two individual processes to the levels observed in wild-
type embryos.

Loss of Tcof] sensitizes Pax3*’~ mice to colonic
aganglionosis

To ascertain whether the early reduction in the progenitor cell
pool together with delayed NCC migration along the gut wall
we observed at EI12.5 and E14.5 in Tcofl™~ and
Pax3;Tcofl™~ embryos resulted in terminal aganglionosis
later in development, we stained E18.5 guts with TuJl. An
ENS was present along the entire length of the gut in
Pax3*'*, Pax3"~ and Tcofl"’~ embryos (Fig. 6), while vari-
able lengths (between 5 and 100%) of the colon were agan-
glionic in nearly all Pax3;Tcofl™~ embryos (n= 12/15;
Fig. 6). Pax3~/~ animals die around E13 and thus could not
be included in these studies. Nonetheless, since individual
Pax3"" and TcofI™~ heterozygous mutations do not result
in colonic aganglionosis, but compound Pax3; Tcofl™~ muta-
tions do, this indicates that Tcofl acts synergistically with
Pax3 in ENS formation and may act as a modifier in the patho-
genesis of HSCR.

Altered NCC intrinsic properties result in complete
colonization of the gut wall in TcofI*’~ compared with
Pax;TcofI™’~ embryos

The complete colonization of the gut wall observed at E18.5 in
TcofI™’~ embryos compared with the variable aganglionosis
observed in Pax3;Tcofl™~ embryos could arise as a conse-
quence of differences in NCC intrinsic properties. To deter-
mine if this was indeed the case, we analyzed NCC
proliferation and neuronal differentiation at E13.5 when
NCCs were advancing along the colon. The percentage of pro-
liferating NCCs was scored by co-immunostaining whole guts

with p75 and an antibody to detect BrdU that had been previ-
ously injected into pregnant females. NCCs were analyzed at
the migration wavefront and along the SI. We identified a re-
duction in the proportion of proliferating NCCs at the migra-
tion wavefront between Pax3"~ and Pax3™" embryos
(29.8 + 8 versus 40.9 + 3%, P = 0.01; Fig. 7 and Supplemen-
tary Material, Table S1). In contrast, we discovered an in-
crease in the proportion of }Jroliferating NCCs at the
migration wavefront in TcofI*’~ embryos compared with
their wild-type counterparts (49.8 + 6.1 versus 40.9 + 3%,
P =0.03; Fig. 7 and Supplementary Material, Table S1). Sur-
prisingly, the proportion of proliferating NCCs at the migra-
tion wavefront in compound Pax3;Tcofl heterozygotes was
intermediate between these two results and therefore was un-
changed in relation to Pax3"" embryos (35.9 + 5 versus
40.9 + 3%; Fig. 7 and Supplementary Material, Table S1).
No statistical difference was observed in the percentages of
BrdU+ NCC along the SI between each of these genotypes
(20.9 +4.7%, 22+ 4%, 272+2%, 242+9% for
Pax3™F, Pax3™", Teof1™~ and Pax3;Tcofl™'~, respective-
ly; Fig. 7 and Supplementary Material, Table S1). However,
there was a slight increase in the percentage of BrdU+
NCCs in Tcofl™’~ embryos compared with the wild-type
counterparts (27.2 + 2 versus 20.9 + 4.7%, P = 0.05; Fig. 7
and Supplementary Material, Table S1). Of note here is that
the proportion of dividing NCCs is not significantly different
between Pax3;Tcofl™~ and wild-type guts despite the fact
that the NCCs may have been in different positions along
the length of the gut when they were analyzed. These data
suggest that although there is an increase in the proportion
of proliferating NCCs between the migration wavefront in
the colon and along the SI in wild-type embryos, there
appear to be equivalent percentages of proliferating NCCs
along the SI at this stage.

The extent of neuronal differentiation was recorded at this
stage by co-immunostaining whole guts with p75 and the
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Figure 5. The ENS progenitor cell pool in TcofI*/~ embryos is less committed than in the other genotypes. Cryosections of E10 foregut immunostained with the
ENS progenitor marker Sox10 and the neuronal commitment marker, RET revealed fewer cells had initiated RET expression in Tcofl e embryos. Immunos-
taining of E11.5 cryosections of SIs showed a reduction in the number of p75+ NCC present in the guts of TcofI™~ embryos expressing RET at both the
migration wavefront and along the length of the SI. Nuclei are stained with DAPL.

neuronal marker, Hu. We detected a significant decrease in the
percentage of NCCs expressing Hu between the migration
wavefront in the colon and along the SI within wild-type
embryos (20.8 + 4 versus 14.9 + 1%, P =0.01; Fig. 7 and
Supplementary Material, Table S1). In addition, we observed
considerably reduced neuronal differentiation in Tcofl™~
guts compared with wild types at both the NCC migration
wavefront (10.9 +1 versus 14.9 + 1%, P =0.003; Fig. 7
and Supplementary Material, Table S1) and along the SI
(15.9 + 3 versus 20.8 + 4%, P = 0.04; Fig. 7 and Supplemen-
tary Material, Table S1). No significant change in differenti-
ation was detected in the guts in any of the other genotypes
compared with wild-type embryos (Fig. 7 and Supplementary
Material, Table S1). Therefore, the formation of an ENS along
the entire length of the gut in TcofI™~ embryos at E18.5
could be achieved by the combined effect of increased NCC
proliferation at the migration wavefront with reduced neuronal
differentiation throughout the gut. In contrast in compound

Pax3;TcofI™'~ heterozygous mutants, proliferation at the
wavefront is decreased, while differentiation at the wavefront
is increased relative to TcofI*’~ embryos returning the levels
of proliferation and differentiation to that observed in wild-
type guts. Therefore, the significant loss of vagal NCCs in
Pax3;Tcofl ™~ embryos cannot be compensated for by
changes in NCC intrinsic properties during the migration of
these cells along the gut wall in these embryos. This subtle
shift in the delicate balance between proliferation and differ-
entiation at the wavefront results in the pathogenesis of
colonic aganglionosis. Thus, complete NCC colonization
of the gut and formation of an ENS along the entire length
of the gut requires very precise regulation of progenitor cell
proliferation and differentiation. The mechanisms that regulate
these processes appear to be dependent upon a critical number
of NCCs present within the gut wall since reducing the number
of vagal NCCs to <40% of the wild-type levels as observed in
Pax3;Tcofl™~ embryos results in colonic aganglionosis.
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Figure 6. A complete ENS network is seen in Tcofi *'~ guts at E18.5 while
Pax3;Tcofl™~ guts show colonic aganglionosis. TuJl immunostaining of
whole guts at E18.5 shows the ENS network within the proximal and distal
colon of E18.5 Pax3"*, Pax3"" and TcofI*'~ guts. The distal colon is
aganglionic in the majority of Pax3,;TcofI™~ guts. P, proximal; D, distal.

DISCUSSION

In this study, we have identified Tcofl as a novel potential
modifier of Pax3 in the etiology and pathogenesis of colonic
aganglionosis. TcofI ™~ mice exhibit many of the early devel-
opmental features of aganglionosis characteristic of other
animal models of HSCR. Moreover, NCCs in Tcofl™™~ mice
are still able to complete the formation of the ENS. Similarly,
a complete ENS is observed in Pax3™~ mice. In contrast, the
loss of Tcofl sensitizes Pax3"~ mice to colonic agangliono-
sis. We show that neuroepithelial apoptosis reduces the
progenitor cell pool in Teofi™ ™, Pax3;TcofI™~ and
Pax3~/~ mice relative to controls, resulting in delayed NCC
migration along the gut at E12.5 and E14.5. However,
increased cell death and reduced proliferation within the
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NCCs that migrate toward and into the foregut in
Pax3;Tcofl”~ and Pax3™/~ embryos further exacerbate
this phenotype.

p53-dependent cell death underlies the apoptosis observed
in both TcofI™~ and Pax3~'~ mutant mice. Indeed, p53
mRNA and/or protein levels can be altered by the loss of
either of these genes (19,22,32—34). In Tcof1™~ mice, apop-
tosis is restricted to the neuroepithelium where it diminishes
the generation of NCCs thereby resulting in craniofacial and
ENS defects (19; and our data). In contrast, Pax3,;Tcofl™~
and Pax3~’~ embryos exhibit increased cell death in the
NCCs that migrate toward and into the foregut, in addition
to neuroepithelial apoptosis. Together, these effects result in
a cumulative reduction of the migratory progenitor cell pool
in these mice which correlates with increased severity of the
ENS phenotype observed in TcofI™ ™, Pax3;Tcofl™~ and
Pax3~'~ embryos, respectively. Therefore, the colonic agan-
glionosis observed in Pax3; Tcofl 7 mice appears to result
from cumulative apoptotic effects within these mice. A
similar mechanism has previously been described in other
mouse models of HSCR and has been proposed to account
for the modulation in the extent of the aganglionosis
induced by ENS modifier genes (35—37). Thus, it is clear
that cell death needs to be tightly regulated within the
embryo during ENS development. Consistent with this obser-
vation, inhibiting apoptosis through overexpression of a dom-
inant negative form of caspase-9 within chick embryos is
capable of increasing the numbers of vagal NCCs and
causing hyperganglionosis within the proximal foregut (38).

Complete colonization of the entire length of the gut has
also been shown to be affected by differences in intrinsic pro-
liferative capacities within NCCs (39,40). The size of the mi-
gratory progenitor cell pool that migrates toward and into the
foregut can be influenced by regulating NCC proliferation.
Therefore, the more extensive ENS defect observed in
Pax3;Tcofl”~ and Pax3™'~ guts compared with Tcofl™~
guts could also be due to the reduced NCC proliferation that
we observed in these embryos. However, the milder phenotype
observed in TcofI™~ guts could also be attributed to the
reduced proportion of progenitor cells present around
the foregut that had initiated RET expression in these mice
compared with Pax3;Tcofl™~ embryos. This effect contrasts
to what might have been predicted from previous reports
showing that RET expression is activated by Pax3 in associ-
ation with Sox10 (15—-17). However, heterozygous loss of
Pax3 may not be sufficient to alter the levels of RET expres-
sion in these embryos and the changes in RET observed in
TeofI™'~ embryos probably reflect the differentiation status
of the cells rather than any direct effect on the expression of
RET.

Upon entry into the foregut, a sufficient pool of progenitor
cells is required to ensure that a functioning ENS is present
along the entire bowel wall. This is achieved by balancing
the processes of NCC proliferation and differentiation
(1,3,41). These processes need to be regulated throughout
the entire period of ENS formation since defects have been
reported in the absence of Notch signaling and in
Sox10;Zfhx1b double mutant mice despite normal initial
ENS development along the intestinal wall (41,42). In contrast
to these data, we see an early NCC migration delay in
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Figure 7. Increased proliferation at the migration wavefront and reduced neuronal differentiation along the gut in E13.5 TcofI™ ™ guts. E13.5 whole guts were
immunostained with p75 (red) and either BrdU (green in the upper panel) or the neuronal marker, Hu (green in the lower panel). Dividing cells can be identified
in the upper panel by the presence of green staining in the nuclei of p75+ cells. We detected an increase in NCC proliferation specifically at the migration
wavefront in Tcof/ ™~ guts and a small decrease at this position in Pax3"~ guts. Pax3;TcofI™’~ guts had comparable levels of proliferation to wild-type
guts. Reduced neuronal differentiation was seen throughout the intestines in only TcofI*'~ embryos compared with all other genotypes by co-immunostaining
for p75 and the neuronal marker Hu (lower panel). White arrowheads denote the examples of double-positive cells in each panel.

Teofl™'~ guts at E12.5 and E14.5 (equivalent to that described
in other mouse models of HSCR. However, a normal ENS
network is present along the entire length of the colon at
birth. The completion of ENS formation is due to increased
and sustained proliferation at the NCC migration wavefront to-
gether with a concomitant reduction in neuronal differentiation
along the length of the gut. These data suggest that there may
be an intrinsic mechanism that is capable of ‘sensing’ the
number of NCCs within the gut wall. Thus, the degree of pro-
liferation and differentiation can be modulated if the numbers
are reduced to a threshold level of around 60% of normal
numbers as shown in TcofI ™~ embryos and in more severe
cases where the progenitor pool is further reduced by
oxidant induced apoptosis (18).

This intrinsic regulation has also been exemplified in mice
where Hand2 was deleted in nestin-expressing neural precursor
cells. The number of neurons was maintained in these mice by
compensatory differentiation of non-nestin-expressing neural
precursors (43). In addition, compensation for the loss of specif-
ic Ednrb-iCre-expressing enteric progenitor cells has been
demonstrated by increasing the proliferation and glial differen-
tiation of the Ednrb-iCre independent population (44). Our data
therefore identify reductions >60% of wild-type numbers as a
critical threshold level for this intrinsic ‘sensing’ mechanism
since the combined loss of one copy of Pax3 and Tcofl

results in colonic aganglionosis in the majority of guts at
E18.5. Therefore, when NCC numbers are reduced to levels
around 60% of wild-type, NCC cell—cell and NCC cell—envir-
onmental interactions must be sufficient to enable the intrinsic
‘sensing’ mechanism to modulate the rates of NCC prolifer-
ation and differentiation within the intestines to establish com-
plete ENS formation along the length of the bowel. However,
when NCC numbers are reduced <40% of wild-type as
observed in Pax3;TcofI™~ embryos, proliferation and differ-
entiation of NCCs cannot be balanced to adjust for such a
significant loss of cells. Hence, the intrinsic ‘sensing’ mechan-
ism is not capable of being activated in these situations and
portions of the bowel wall are unable to be colonized by the
remaining NCCs.

One of the striking features noted here is that the reduced
neuronal differentiation observed in Tcof! e embryos
appears to be rescued by the additional loss of one copy of
Pax3. Expression of Pax3 is restricted to the neuroepithelium
and NCCs during early organogenesis (45); however, Pax3 ac-
tivity diminishes as development proceeds, such that cardiac
NCC for example, downregulate Pax3 prior to their arrival
at their final target tissue (46,47). Therefore, the effects of
loss of Pax3 in Pax3;Tcofl™~ embryos must be established
prior to the arrival of NCC within the gut. Pax3 has previously
been shown to be required for expansion and maintenance of



neural crest stem cells and prevention of terminal differenti-
ation of melanocytes (48—50). Hence, Pax3 may be necessary
during normal development to maintain the proliferative cap-
acity of vagal NCCs that contribute to the ENS. The loss of
Pax3 would then be expected to impact the size of the progeni-
tor cell population that migrates toward and into the gut.
Whilst we did not observe any statistical difference in the
numbers of NCC between wild-type and Pax3"~ embryos,
there was a large variation amongst the embryos examined.
We did, however, detect a dramatic loss of NCC numbers
associated with reduced NCC proliferation in both
Pax3;Tcofl ™~ and Pax3~/~ embryos compared with the
other genotypes analyzed. These results suggest that Tcofl
and Pax3 play opposing roles in regulating NCC differenti-
ation during normal development and that the effects of loss
of Pax3 in the compound mutants may be dominant since
the extent of neuronal differentiation in the guts of
Pax3;Tcofl™~ embryos is equivalent to wild-type levels
despite the extensive initial reduction in NCC number.

Thus, in conclusion we have identified Tcof! as a novel po-
tential modifier of HSCR since it is able to sensitize Pax3™~
mice to colonic aganglionosis. Tcof! haploinsufficient mice
recapitulate many features described in other mouse models
of HSCR including a reduced pool of progenitor cells and
their delayed migration along the gut wall. However, NCC
proliferation and differentiation are subsequently regulated
to maintain a sufficient number of cells capable of colonizing
the entire length of the colon later in development. In contrast,
compound Pax3; TcofI™~ mice exhibit colonic aganlionosis,
and this severe phenotype results from their synergistic
loss-of-function effects on NCC formation and opposing influ-
ence on NCC differentiation. Although no common targets
other than p53 are currently known for Tcofl and Pax3, our
work sets the stage for future experiments aimed at identifying
common downstream partners and pathways. This will further
our understanding of the pathogenesis of HSCR and hopefully
shed some light on the etiology of current genetically un-
defined cases of HSCR. Our results therefore highlight the po-
tential role of Tcof1 as a modifier in the etiology of HSCR, and
illustrate the cellular and molecular basis of the enteric pheno-
type in Pax3 and TcofI single and combined mutants.

MATERIALS AND METHODS
Mice

The Institutional Animal Care and Use Committee of Stowers
Institute for Medical Research approved all animal protocols
used in this study. DBA TcofI™’~ mice were intercrossed
with Pax3 heterozygous mice (The Jackson Laboratory) main-
tained on a C57B1/6 background. Mice were genotyped as pre-
viously described (26,51).

Immunohistochemistry

Immunostaining of whole gut was performed following their
dissection from the embryo. Guts were fixed in 4% parafor-
maldehyde in PBS at room temperature (RT) for 2 h. A block-
ing solution was then applied to the guts (10% heat-inactivated
sheep serum in PBS 4 0.1% Triton X-100) and they were

Human Molecular Genetics, 2013, Vol. 22, No. 6 1215

rocked for 2 h at RT. Primary antibodies (see table) were
diluted and blocking solution and incubated with the guts at
4°C overnight. Following rinsing with PBS, secondary anti-
bodies were added to the guts for 4 h at RT (1:500 Alexa, Invi-
trogen see Table). Guts were mounted in Vectashield with
DAPI (Vector Laboratories) prior to their analysis on an
LSM5 PASCAL confocal microscope (Carl Zeiss). Adobe
Photoshop software was used to compile composite images,
brightness and contrast may have been modified.

Immunolabeling of 10 wm cryosections of dissected guts or
whole embryos was performed by incubating the slides for
30 min in blocking solution, then immunostaining with
primary antibodies for 2 h at RT (see Supplementary Material,
Table S1). Following PBS washing, the slides were mounted
in Vectashield with DAPI (Vector Laboratories). For Sox10
labeling, amplification was performed using DSB-X™ biotin
donkey anti-goat IgG (1:100, invitrogen) and Streptavidin
Alexa 488 or 568 (1:300, Invitrogen). The in situ Cell Death
Detection Kit Fluorescein (Roche) was utilized according to
the manufacturer’s instructions to detect apoptosis.

BrdU incorporation

Pregnant mice were injected intraperitoneally with BrdU
(Sigma) (1 pl/g of animal weight of a 100 mg/ml stock solu-
tion). Guts were dissected from the harvested embryos
45 min post-injection. They were then immunostained as
described above with p75. Following a 10 min post-fixation
in 4% PFA, the slides were and treated with 2 M HCI for
30 min at 37°C before being incubated with the BrdU anti-
body.

NCC death and proliferation analysis of sections

The extent of NCC apoptosis was scored from embryonic day
(E) 9.5-10.5 in 10 pm cryosections of embryos at the vagal
neural tube level (somites 1—7). The percentage of TUNEL/
p75 double-positive cells was determined in 15 sections of
each embryo analyzed. The mitotic index of p75+4+ NCCs
was counted using co-immunostaining with pHH3. Data are
the mean + standard deviation (SD). Statistical analysis was
performed with ANOVA and P values of >0.05 were consid-
ered not significant.

NCC proliferation and neuronal differentiation analysis
in whole guts

The extent of proliferation was determined at the migration
wavefront of NCC by counting double-positive BrdU/p75 of
the 50 most caudal p75* cells within 1.5 wm optical sections
captured with a 63 x lens on an LSM5 PASCAL confocal
microscope. Along the SI, cell proliferation was determined
by scoring the double-positive cells in a minimum of four
regions along the entire length. Neuronal differentiation at
E13.5 was examined by immunostaining with Hu and p75*.
Data are the mean + SD. We considered P values of >0.05
not significant.
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