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In 24% of the animals, we observed glial 
cells that exited the spinal cord to form muscle; 
in 12% of the animals, cells exited to form 
cartilage (Table 1). Because each animal con- 
tained multiple labeled cells at the start point of 
our experiments, this represents 20% and 8%, 
respectively, of the starting number of labeled 
cells. Other radial glial cells formed the expect- 
ed neural cell types, including glia, neurons, 
and neural crest derivatives such as fin mesen- 
chyme and melanocytes. During formation of 
the neural crest, cells took two exit routes 
from the regenerating spinal cord: they exited 
through the side walls of the spinal cord, as 
expected from previous histological results, 
and also out of the end of the growing tube 
(Table 1). 

Neural stem cells have been described as 
having the potential to differentiate into neu- 
rons, astrocytes, and oligodendrocytes and to 
undergo self-renewal through the process of 
asymmetric cell division. Although individual 
cells may harbor such potential, our observa- 
tions suggest that, in practice, a single neural 
progenitor may generate a limited number of 
cell types and may not even undergo self- 
renewal. We have observed that some cells 
proliferate to replenish the pool of radial glial 
cells, whereas others produce progeny that all 
differentiate. All the visible progeny of a cell 
apparently exit the spinal cord, leaving no self- 
renewing cell behind in the spinal cord (Figs. 2 
and 3). It is not known whether this observation 
reflects differences in innate potential or in the 
extracellular cues encountered. 

In the axolotl, we have observed that 
GFAP-positive radial glial cells have the abil- 
ity not only to re-form a functional spinal 
cord but also to contribute to regenerating 
tissues outside the spinal cord such as muscle 
and cartilage. These experiments establish 
the relevance of neural cell plasticity to re- 
generating functional tissue in amphibia. The 
question remains whether mammalian neural 
stem cells also have the inherent ability to 
switch lineage. Is the contrast in regeneration 
ability between amphibians and mammals 
due to intrinsic differences in neural cell plas- 
ticity or to the environment the cells encoun- 
ter in the injured tissue? In axolotls, tail 
regeneration occurs through the formation of 
the blastema-a zone of undifferentiated 
cells surrounding the regenerating spinal 
cord. It is likely that mammalian and axolotl 
neural stem cells are similar, but mammals 
lack the ability to form an inductive environ- 
ment like the blastema that induces cells to 
switch lineage. 
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25. In this system, the GFAP promoter drives expression of 
the Gal4-VP16 gene and GFP is driven by the Ga[4UAS. 
Inclusion of the Ga[4-VP16 enhancer system ensured 
that GFP persisted, even if cells turned off the GFAP 
promoter and transdifferentiated, because of high levels 
of the Gal4-VP16 protein initially produced. 

26. J. Arsanto et al., J. Exp. Zool. 264, 273 (1992). 
27. In most examples, the labeled cells migrated out to a 

certain point in the regenerate and then started 
dividing 2 to 4 days postamputation. In many exam- 
ples, during spinal cord regeneration we observed one 
GFAP-positive radial glial cell giving rise to 8 to 10 
progeny. 
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Recent studies indicate that Nodal and related 
members of the TGF-3 family correspond to 
primary mesoderm-inducing signals in all 
vertebrates (1, 2). Nodal signaling uses an 
activin/TGF-P-like pathway that is mediated 
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by the signal transducers Smad2 and Smad4 
and the winged-helix transcription factor 
FoxH 1 (FAST) (2). A primary target of Nod- 
al signaling is the Nodal gene itself, resulting 
in a positive feedback loop that is essential 
for Nodal expression in the visceral 
endoderm as well as broad expression in the 
pregastrulation epiblast (3-5). Analysis of 
FoxHI-deficient mice indicates that FoxHll 
mediates the positive Nodal feedback loop, 
but not several other Nodal-dependent pat- 
tering events (6, 7). In addition, members of 
the Lefty subfamily of TGF-B factors can 
inhibit Nodal signaling and may be induced 
as part of a negative feedback loop (1). Pre- 
sumably, the activities of these feedback 
loops are tightly regulated by transcriptional 
repression, but the molecular mechanisms in- 
volved have not been elucidated previously. 

Several categories of transcriptional re- 

by the signal transducers Smad2 and Smad4 
and the winged-helix transcription factor 
FoxH 1 (FAST) (2). A primary target of Nod- 
al signaling is the Nodal gene itself, resulting 
in a positive feedback loop that is essential 
for Nodal expression in the visceral 
endoderm as well as broad expression in the 
pregastrulation epiblast (3-5). Analysis of 
FoxHI-deficient mice indicates that FoxHll 
mediates the positive Nodal feedback loop, 
but not several other Nodal-dependent pat- 
tering events (6, 7). In addition, members of 
the Lefty subfamily of TGF-B factors can 
inhibit Nodal signaling and may be induced 
as part of a negative feedback loop (1). Pre- 
sumably, the activities of these feedback 
loops are tightly regulated by transcriptional 
repression, but the molecular mechanisms in- 
volved have not been elucidated previously. 

Several categories of transcriptional re- 

6 DECEMBER 2002 VOL 298 SCIENCE www.sciencemag.org 6 DECEMBER 2002 VOL 298 SCIENCE www.sciencemag.org 

Inhibition of Excess Nodal Signaling 
During Mouse Gastrulation by the 

Transcriptional Corepressor DRAP1 

Rabah Iratni,'*t Yu-Ting Yan,2* Canhe Chen,z Jixiang Ding,2 
Yi Zhang,'1 Sandy M. Price,2 Danny Reinberg,'? 

Michael M. Shen2? 

The formation and patterning of mesoderm during mammalian gastrulation 
require the activity of Nodal, a secreted mesoderm-inducing factor of the 
transforming growth factor-p (TGF-B) family. Here we show that the tran- 
scriptional corepressor DRAP1 has a very specific role in regulation of Nodal 
activity during mouse embryogenesis. We find that loss of Drap 1 leads to severe 
gastrulation defects that are consistent with increased expression of Nodal and 
can be partially suppressed by Nodal heterozygosity. Biochemical studies in- 
dicate that DRAP1 interacts with and inhibits DNA binding by the winged-helix 
transcription factor FoxHl (FAST), a critical component of a positive feedback 
loop for Nodal activity. We propose that DRAP1 limits the spread of a mor- 
phogenetic signal by down-modulating the response to the Nodal autoregu- 
latory loop. 

Inhibition of Excess Nodal Signaling 
During Mouse Gastrulation by the 

Transcriptional Corepressor DRAP1 

Rabah Iratni,'*t Yu-Ting Yan,2* Canhe Chen,z Jixiang Ding,2 
Yi Zhang,'1 Sandy M. Price,2 Danny Reinberg,'? 

Michael M. Shen2? 

The formation and patterning of mesoderm during mammalian gastrulation 
require the activity of Nodal, a secreted mesoderm-inducing factor of the 
transforming growth factor-p (TGF-B) family. Here we show that the tran- 
scriptional corepressor DRAP1 has a very specific role in regulation of Nodal 
activity during mouse embryogenesis. We find that loss of Drap 1 leads to severe 
gastrulation defects that are consistent with increased expression of Nodal and 
can be partially suppressed by Nodal heterozygosity. Biochemical studies in- 
dicate that DRAP1 interacts with and inhibits DNA binding by the winged-helix 
transcription factor FoxHl (FAST), a critical component of a positive feedback 
loop for Nodal activity. We propose that DRAP1 limits the spread of a mor- 
phogenetic signal by down-modulating the response to the Nodal autoregu- 
latory loop. 

1996 1996 



REPORTS 

pressors have been identified through bio- 
chemical and genetic studies in mammalian 
cells, yeast, and Drosophila. One category 
comprises general factors that repress basal 
transcription by RNA polymerase II, includ- 
ing the heteromeric Drl/DRAP1 (NC23/ 
NC2a) complex (8). Drl represses transcrip- 
tion by preventing interaction of transcription 
factor TFIIB with TBP (the TATA box-bind- 
ing protein subunit of TFIID), and its activity 
is greatly enhanced by heterodimerization 
with its regulatory partner DRAP1 (9, 10). 
Consistent with global transcriptional roles, 
both genes are highly conserved in eu- 
karyotes and are required for viability in 
yeast (11, 12). Although DRAP1 alone ap- 
pears to lack intrinsic activity in biochemical 
assays, genetic analyses in yeast have sug- 
gested roles for DRAP1 that are independent 
of Drl (11, 13). Moreover, there is evidence 
for a transcriptional activation role for Drl/ 
DRAP1 (14). Although these findings have 
implicated DRAP1 as a general transcription 
factor, such a role for DRAP1 in vivo has not 
been examined in metazoans. 

We first examined Drapl expression by in 
situ hybridization and reverse-transcription 
polymerase chain reaction analysis, which 
showed widespread expression in mouse em- 
bryos from 6.5 through 10.5 days post coitum 
(dpc) (Fig. 1, A and B) (15). Expression of 
Drapl was found in the embryonic epiblast 
and nascent mesoderm at early- to mid-streak 
stages of gastrulation; subsequently, expres- 
sion was detected in all three primary germ 
layers (15). Next, we generated a null allele 
of Drapl by gene targeting (fig. Si), and we 
observed that no viable homozygotes were 
recovered from the progeny of heterozygous 
intercrosses, indicating embryonic lethality 
(16). Although homozygous Drapl mutants 
were recovered at Mendelian frequencies and 
showed no detectable abnormalities at 6.5 
dpc (16), they displayed prominent gastrula- 
tion defects at 7.0 dpc, including a caudal 
bulge that corresponded to the position of the 
fully extended primitive streak (Fig. 1C). 
Histological analysis of Drapl homozygotes 
revealed severe defects in primitive streak 
morphology, with nascent mesodermal cells 
retained within or near a greatly expanded 
primitive streak (Fig. 1, D to F). Little or no 
mesoderm migration was observed circum- 
ferentially to the rostral side, whereas only 
limited movement was observed anteriorly or 
extraembryonically. 

One potential explanation for the excess 
mesodermal cells in Drapl mutants was that 
a mesoderm-inducing factor(s) was overex- 
pressed and/or ectopically active. In support 
of this possibility, we found that expression 
of Nodal was greatly up-regulated through 
most of the epiblast/ectoderm in Drapl mu- 
tants at 7.0 to 7.5 dpc (Fig. 2A). Furthermore, 
the mesoderm progenitor marker Brachyury 

(T) was expressed in the thickened primitive 
streak and in ectopic lateral positions within 
the epiblast, suggesting an increased popula- 
tion of prospective mesoderm cells (Fig. 2B) 
(fig. S2). However, the overall level of 
Brachyury expression appeared noticeably 
lower than in wild-type littermates; similar 
findings have been described in Xenopus ex- 
plants of prospective ectodermalcells ex- 
posed to high levels of activin (17). 

Analysis of markers of nascent mesoderm 
in Drapl mutants revealed its altered regional 
specification, resulting in an expansion of 
axial mesendoderm at the expense of parax- 
ial, lateral, and extraembryonic mesoderm 
(Fig. 2) (fig. S2). Notably, at 7.5 dpc, we 
observed ectopic lateral expression of the 
node and axial mesendoderm marker FoxA2 
(HNF-33), which is normally confined to the 
distal-most streak, suggesting an expansion 
of axial progenitors (Fig. 2C) (fig. S2). In 
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Fig. 1. (A and B) Expression of Drapl at 6.5 and 
7.5 dpc. (A) Whole-mount in situ hybridization 
shows Drapl expression in the proximal epi- 
blast (arrow) at the prestreak stage (left), 
throughout the late-streak epiblast (middle), 
and in the epiblast and extraembryonic meso- 
derm at the neural plate stage (right); dashed 
line indicates plane of section in (B). (B) Section 
through late-streak embryo showing expression 
in the epiblast, primitive streak, and nascent 
mesoderm, with little or none in the visceral 
endoderm. (C) Morphology of wild-type (left) 
and Drapl mutant (right) embryos at 7.5 dpc, 
showing expansion of the primitive streak (ar- 
row). (D to F) Hematoxylin-eosin staining of 
sections through intact decidua containing 
Drapl mutant embryos at 7.5 dpc. Sagittal 
sections (D and E) show limited anterior migra- 
tion of axial mesendoderm (E, arrow); a trans- 
verse section (G) shows primitive streak expan- 
sion and lack of mesoderm on the rostral side. 
Abbreviations: epi, epiblast; mes, embryonic 
mesoderm; ps, primitive streak; ve, visceral 
endoderm. Scale bars, 100 ,um. 

contrast, no expression was detected at 8.5 
dpc for Moxl, which specifically marks 
paraxial mesoderm, or at 7.5 dpc for Twist, 
which marks lateral and extraembryonic me- 
soderm at this stage (fig. S2). Notably, these 
findings are consistent with classical experi- 
ments in Xenopus that have shown that the 
dorsal-ventral identity of mesoderm (axial- 
paraxial, lateral) in animal cap assays can be 
specified by different levels of activin-like 
signaling [e.g., (18)]. Finally, no expression 
was detected in Drapl mutants for region- 
specific markers of the forebrain and mid- 
brain, such as the early forebrain marker 
Hesxl (fig. S2); similar lack of expression 
was observed for the anterior markers BF1, 
En2, and Six3, as well as for the more poste- 
rior markers Krox20 and HoxBl (15). These 
observations are consistent with models in 
which inhibition of Nodal signals is essential 
for anterior neural induction (19). 

To some extent, the phenotype of Drapl 
mutants resembled that of Lefty2 mutants, 
which also show an expanded primitive 
streak and mesoderm migration defects 
(20); however, the Lefty2 phenotype is not 
clearly manifest until 8.0 dpc, indicating a 
less severe defect. In Drapl mutants at 6.75 
and 7.5 dpc, we were unable to detect 
expression of Lefty2 (Fig. 2D) (15), which 
is normally expressed in the prospective 
paraxial and lateral mesoderm but not in 
the axial mesendoderm (20). However, this 
absence of Lefty2 expression may simply 
represent a secondary consequence of 
Drapl loss, given the overall shift to axial 
mesendoderm fates, and does not necessar- 
ily imply a direct role for Drapl in the 
negative feedback loop for Nodal signaling. 

~~~~~tA *\';^1''' B'0 .:..0 Brachyury 
^^-^gF^a^^ .^1^^^ '. i:?ttfc 

mo$ 

Fig. 2. Analysis of mesoderm formation in 
Drap mutants. For each marker, wild-type 
(left) and mutant littermate embryos (right) 
are shown. (A) Nodal expression is nearly un- 
detectable in wild-type late-streak embryos 
(arrow) but is broadly expressed in mutants. (B) 
Brachyury is expressed at decreased levels in 
the primitive streak in mutants, whereas ex- 
pression in the axial mesendoderm is lost (ar- 
row). (C) FoxA2 (HNF33) is expressed ectopi- 
cally in the primitive streak and adjacent me- 
soderm (arrow) and is lost in the axial midline 
and node. (D) Lefty2 expression in nascent me- 
soderm is abolished. Additional abbreviations: 
am, axial mesendoderm; nd, node. Scale bars, 
100 LMm. 
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To determine whether Drapl might genet- 
ically interact with the Nodal pathway, we 
mated Drapl heterozygotes with mice carry- 

ing a A 
by inte 
Amonl 

Fig. 3. Partial suppression of the Drapl 
mutant phenotype by Nodal heterozygosi- 
ty. (A and B) Morphology of wild-type and 
Drap1-/;-Nodal+/- embryos at 7.5 dpc (A) 
and 8.25 dpc (B), showing a characteristic 
proximal bulge in the caudal primitive 
streak (arrows). (C and D) Marker analysis 
of Drap1-/-;Nodal+/- embryos at 7.5 dpc 
shows essentially wild-type expression in 
the primitive streak for Brachyury (C, ar- 
row) and restoration of a small patch of ; 
staining for Lefty2 (D, arrow). (E and F) 
P-Galactosidase staining for Nodala'z re- : 
porter expression at 7.5 dpc is restricted to 
the primitive streak in wild-type embryos (E) but is widesF 
Scale bars, 100 LIm. 
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Fig. 4. Physical interaction between DRAP1 and FoxH1 pro 
shRNAi of DRAP1 enhances Nodal signaling activity. Noda 
responsive A3-luc reporter in 293T cells cotransfected with 
FoxH1, and 3-galactosidase (23), in the presence or al 
directed against endogenous DRAP1, or luciferase (Luc) < 

triplicate and normalized to 1-galactosidase activities; 
deviation. Inset shows Western blot analysis of expression 
values underneath represent normalized DRAP1 expressior 
determined by phosphorimager analysis. (B) Overexpres 
Nodal signaling was assayed as in (A), except in the pres 
exogenous DRAP1 or Dr1. (C) Endogenous DRAP1 coimmur 
NIH 3T3 cells. (D) Recombinant DRAP1, but not Dr1, co 
fusion protein in vitro. (E) Deletion mapping of the region 
GST interaction assays; schematic representation of FoxH1 
and Smad interaction domain (SID) that were previously 
Smad2-Smad4 transcription factor complex (ARF) to tl 
Xenopus Mix.2 promoter (25) is inhibited by addition of DI 
assay, whereas Dr1 has little or no effect; addition of ant 
supershifts the FoxH1-Smad2-Smad4 complex. NS-IgG, n 

fodalacz knock-in allele (21), followed intercrosses at 7.5 dpc, 19 embryos displayed 
rcrossing of compound heterozygotes. a phenotype intermediate between Drapl and 
g 186 progeny recovered from these wild type (Fig. 3). All of these partially res- 

cued embryos were genotypically Drapl-, 
7.5d p:;C00f B;a l Nodal/-, and vice versa (10.2% observed, 
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with increasing amounts of DRAP1 protein 
inhibited FoxHi binding, whereas incubation 
with nonspecific proteins or with Drl had no 
effect (fig. S3). Finally, we assessed binding 
of a FoxHl-Smad2-Smad4 transcription fac- 
tor complex (activin-responsive factor, ARF) 
(25, 26) to an activin/Nodal-response element 
in nuclear extracts from activin-treated cells. 
We found that addition of DRAP1 alone, or 
DRAP1 together with Drl, could effectively 
inhibit ARF binding, whereas Drl alone had 
no detectable effect (Fig. 4F) (fig. S3). These 
results indicate that DRAP1, independently 
of Drl, can effectively compete for FoxHl 
binding to DNA. 

Our loss-of-function analysis has revealed 
the earliest essential role for Drapl in em- 
bryogenesis, in repressing the activity of the 
Nodal signaling pathway. Although these 
findings do not preclude multiple subsequent 
functions for Drapl, they show that Drapl is 
not essential for numerous patterning and 
differentiation events at pregastrulation stag- 
es. On the basis of our protein interaction 
data, we propose that DRAP1 regulates Nod- 
al signaling in vivo through an interaction 
between DRAP1 and FoxHl that precludes 
FoxHl-Smad2-Smad4 complex binding to its 
cognate DNA targets. Notably, this model 
implies that DRAP1-mediated repression is 
not universally exerted by forming a complex 
with Drl and TBP, in agreement with earlier 
suggestions (11, 13). 

These findings suggest that a normal func- 
tion of DRAP1 is to down-modulate the tran- 
scriptional response to Nodal signaling, par- 
ticularly by attenuation of its positive feed- 
back loop. Such a mechanism is likely to be 
essential for Nodal, which can function as a 
long-range morphogenetic signal (27). First, 
Drapl might function in nascent mesoderm 
to allow specification of distinct mesoderm 
fates in response to differing levels of induc- 
ing signal. Second, Drapl might function in 
epiblast cells to buffer the response to meso- 
derm-inducing signals and maintain prospec- 
tive ectoderm unresponsive to low levels of 
mesoderm-inducing signals. Thus, Drapl 
may represent a key component of a mecha- 
nism for limiting the spatial or temporal ex- 
tent of the response to a potent morphogenet- 
ic signal. 
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Regulation of Spermatogenesis 
by Testis-Specific, Cytoplasmic 

Poly(A) Polymerase TPAP 
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Spermatogenesis is a highly specialized process of cellular differentiation to 

produce spermatozoa. This differentiation process accompanies morphological 
changes that are controlled by a number of genes expressed in a stage-specific 
manner during spermatogenesis. Here we show that in mice, the absence of a 

testis-specific, cytoplasmic polyadenylate [poly(A)] polymerase, TPAP, results 
in the arrest of spermiogenesis. TPAP-deficient mice display impaired expres- 
sion of haploid-specific genes that are required for the morphogenesis of germ 
cells. The TPAP deficiency also causes incomplete elongation of poly(A) tails of 

particular transcription factor messenger RNAs. Although the overall cellular 
level of the transcription factor TAF10 is unaffected, TAF10 is insufficiently 
transported into the nucleus of germ cells. We propose that TPAP governs germ 
cell morphogenesis by modulating specific transcription factors at posttran- 
scriptional and posttranslational levels. 
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Poly(A) tails of eukaryotic mRNAs are impli- 
cated in various aspects of mRNA metabolism, 
including transport into the cytoplasm, stability, 
and translational control (1, 2). Thus, the con- 
trol ofpoly(A) tail length is one of the posttran- 
scriptional regulators of gene expression. Sper- 
matogenesis-differentiation of male germ 
cells-is a specialized developmental process, 
which is precisely regulated at the transcription- 
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al, posttranscriptional, and translational levels 
(3, 4). In previous work, we identified a testis- 
specific, cytoplasmic poly(A) polymerase, 
TPAP (PAP3), as a candidate molecule in- 
volved in the additional extension of poly(A) 
tails of preexisting mRNAs in haploid germ 
cells, because this gene is expressed predomi- 
nantly in round spermatids (5). 

To elucidate the role of TPAP in spermat- 
ogenesis, we produced mutant mice lacking 
the functional TPAP gene (Tpap/-), using 
homologous recombination in embryonic 
stem cells (6) (fig. S1). Analysis of testicular 
RNA from Tpap-'- mice revealed the absence 
of TPAP mRNA, and protein extracts of the 
mutant mouse testis completely lacked 70-kD 
TPAP (6) (fig. S1). Tpap-- male and female 
mice were normal in health condition, size, 
and behavior. However, Tpap-'- males were 
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