
Nuclear Pore Composition Regulates Neural Stem/Progenitor Cell
Differentiation in the Mouse Embryo

Floria Lupu1, Annabelle Alves2,3, Kathryn Anderson1, Valérie Doye2,3, and Elizabeth Lacy1

1Developmental Biology Program, Sloan-Kettering Institute, New York, NY 10065, USA

2Institut Curie, Centre de Recherche, F-75248 Paris, France

3Unité Mixte de Recherche 144 Centre National de la Recherche Scientifique, F-75248 Paris, France

SUMMARY
Serving as the primary conduit for communication between the nucleus and the cytoplasm, nuclear
pore complexes (NPCs) impact nearly every cellular process. The extent to which NPC composition
varies and the functional significance of such variation in mammalian development have not been
investigated. Here we report that a null allele of mouse nucleoporin Nup133, a structural subunit of
the NPC, disrupts neural differentiation. We find that expression of Nup133 is cell type and
developmental stage restricted, with prominent expression in dividing progenitors. Nup133-deficient
epiblast and ES cells abnormally maintain features of pluripotency and differentiate inefficiently
along the neural lineage. Neural progenitors achieve correct spatial patterning in mutant embryos;
however, they are impaired in generating terminally differentiated neurons, as are Nup133-null ES
cells. Our results reveal a role for structural nucleoporins in coordinating cell differentiation events
in the developing embryo.

INTRODUCTION
Following implantation the mammalian embryo initiates a succession of morphogenetic events,
coordinating growth with cell movement and differentiation to generate an organism comprised
of correctly positioned and functional tissues. Key among these morphogenetic events is
gastrulation. In mouse, the early gastrulating embryo consists of rapidly proliferating,
pluripotent epiblast cells. These undergo various processes, including restriction of their
differentiation potential, to form three distinct lineages of proliferating progenitor cells:
ectoderm, mesoderm, and endoderm. The differentiation potential of these progenitors
becomes further restricted as they give rise to different sub-lineages of dividing precursors,
which ultimately will produce the non-proliferative, terminally differentiated cells present in
all organ systems at birth (Tam et al., 2006). For example, upon receipt of signals emanating
from extraembryonic tissues, and subsequently from embryonic mesendoderm, epiblast cells
proliferate and undergo neural induction to generate the neuroepithelium, a population of
neural-restricted progenitor cells, often referred to as the embryonic neural stem cell
compartment (Gotz and Huttner, 2005; Stern, 2006). The neural progenitors continue to
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proliferate through successive stages of maturation, until they exit the cell cycle and generate
several subtypes of terminally differentiated neurons and glia.

Interpretation of developmental signals requires nucleocytoplasmic transport: the import of
transcriptional regulators and the export of mRNAs. All such exchanges between the cytoplasm
and the nucleus occur through nuclear pore complexes (NPCs), macromolecular assemblies
conserved in architecture from yeast to mammals. A NPC consists of approximately 30 distinct
proteins (nucleoporins, Nups), each present in multiple copies (Tran and Wente, 2006). Current
models of nucleocytoplasmic transport invoke interactions between mobile transport receptors
(primarily the importin and exportin karyopherins) and a subset of nucleoporins, the FG-Nups
which harbor repetitive stretches of Phe-Gly residues. Recent studies hint at distinct roles for
different FG-Nups in protein and mRNA transport (Sabri et al., 2007) (Terry and Wente,
2007), as well as at possible non-transport-related functions of NPC constituents (Kalverda
and Fornerod, 2007) (Taddei, 2007).

Current knowledge of NPC structure and function derives largely from cell biological,
structural, and genetic studies in readily manipulated systems, such as yeast, Xenopus nuclear
extracts, and cultured mammalian cells. To evaluate this knowledge in the context of a
developing organism, targeted null mutations have been introduced into a small number of
mouse nucleoporin genes. Loss-of-function mutations have been reported for six different
nucleoporins and all resulted in embryonic lethality (Tran and Wente, 2006). Consistent with
depletion of maternal stores of a protein essential for cell viability, null mutations in three of
these Nups - CAN/Nup214, Rae1/Gle2, and Elys – led to developmental arrest at implantation
(Babu et al., 2003; Okita et al., 2004; van Deursen et al., 1996). Loss of Nup98 arrested
embryonic development during early gastrulation (Wu et al., 2001) and loss of Nup50 led to
embryonic death during late gestation (Smitherman et al., 2000). The stage of embryonic death
was not reported for the targeted disruption of Nup96 (Faria et al., 2006). It remains unknown
why deficiencies in these individual components of the pore engendered such distinct
developmental phenotypes.

We identified the mermaid (merm) mutant in an N-ethyl-N-nitrosourea (ENU) mutagenesis
screen for recessive mutations disrupting mouse gastrulation (Garcia-Garcia et al., 2005). The
merm mutation proved to be a functional null allele of nucleoporin Nup133, a constituent of
the conserved Nup107-160 complex. We find that mouse embryos normally express Nup133
in a cell-type and stage-specific pattern and that NPCs can appropriately assemble in the
absence of Nup133. However, under conditions that promote neural differentiation, embryonic
stem (ES) and epiblast cells lacking Nup133 abnormally maintain features of an earlier
progenitor cell and differentiate inefficiently. Our results uncover an unanticipated requirement
for a distinct composition of the NPC during cell differentiation in the developing mouse
embryo.

RESULTS
A null allele of nucleoporin Nup133 underlies the merm phenotype

The merm mutation resulted in lethality at mid-gestation (e9.5–e10.5), likely due to circulatory
defects indicated by the presence of pericardial edema. At this stage merm embryos displayed
a kinked and exencephalic neural tube, a shortened trunk region with irregularly segmented
somites, and a thin, pointed primitive streak/tail bud (Figure 1A). Intrauterine growth
retardation always accompanied the morphological phenotype. The expressivity of the
phenotype was variable between mouse strains and within the same strain background (Figure
1B).
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In a backcross panel of 2051 recombination opportunities between C57Bl/6J and C3HeB/FeJ,
we mapped the merm mutation to a 0.6 Mb interval on distal chromosome 8 that contained
seven transcription units, including the Nup133 gene (Figure S1A). Nucleotide sequencing of
the exons in the interval identified a G to A transition at the first base of intron 22 in Nup133
(Figure 1C). RT-PCR analysis (Figure S1B) showed that exon 21 was spliced directly onto
exon 23, causing a frameshift that generated a premature stop codon (Figure S1C). A second
mutant allele of Nup133, which carries a LacZ gene trap insertion in intron five, Nup133GT,
failed to complement the Nup133merm allele in compound heterozygous Nup133merm/GT e9.5
embryos (Figure 1C, D), confirming that loss of Nup133 function caused the merm phenotype.
Nup133GT/GT embryos exhibited a phenotype weaker than that of Nup133merm/merm mutants,
while the Nup133merm/GT trans-heterozygotes showed an intermediate phenotype, suggesting
that the Nup133GT allele supported the production of a small amount of protein. Consistent
with this prediction, RT-PCR, using primers from exons flanking the gene trap, revealed a
splice that deleted the LacZ insertion and generated a low level of wild-type transcript (Figure
S1D).

The Nup133merm mutant allele was predicted to encode a truncated form of Nup133
(mNup133ΔC) lacking the COOH-terminal 162 amino acids. However, an anti-hNup133
antibody that recognizes a GFP-mNup133ΔC fusion transiently expressed in HeLa cells
(Figure S1E), did not detect any signal on Western blots of e9.5 merm embryo and ES cell
extracts (Figure 1E). In agreement with previous studies (Boehmer et al., 2003; Boehmer and
Schwartz, 2007), this GFP-mNup133ΔC fusion neither interacted with Nup107 (Figure S1E),
nor localized to NPCs in HeLa cells (Figure S1F). Together, these data argue that merm
embryos expressed a truncated form of the Nup133 protein, which was mis-localized and
degraded; thus Nup133merm behaved as a functional null allele.

merm embryos assemble nuclear pore complexes
merm mutants arrested their development after e9.5, indicating that Nup133 was dispensable
for early post-implantation development. However, as far as is known, Nup133 functions only
within the Nup107-160 complex (Belgareh et al., 2001; Loiodice et al., 2004; Vasu et al.,
2001), which is essential for viability of HeLa cells and for NPC assembly upon nuclear
reconstitution in Xenopus extracts (Boehmer et al., 2003; Harel et al., 2003; Walther et al.,
2003). Therefore, we asked whether NPC formation was compromised in Nup133-deficient
tissues. Figure 2A shows our results with MAb414, a diagnostic NPC assembly marker that
detects a subset of FG-Nups; with antiserum to Nup153, a peripheral Nup on the nuclear side
of the NPC, and with antiserum to Nup107, the direct binding partner of Nup133 in the
Nup107-160 complex (Berke et al., 2004). Nuclei in both wild-type and merm neuroepithelium
displayed punctate staining predominantly on the nuclear rim for the three different antibodies,
indicating that NPCs were assembled in the nuclear envelope in the absence of Nup133.
Antibodies specific for other individual nucleoporins (Nup98, CAN/Nup214, Tpr, and Nup50)
gave similar staining patterns in wild-type and merm neural tissue (Figure S2). While Nup98,
CAN/Nup214, and Tpr staining localized primarily to the nuclear membrane, Nup50
immunofluorescence was dispersed throughout the nucleus, consistent with its role as a mobile
nucleoporin involved in transport (Moore, 2003). Thus, the absence of Nup133 did not
manifestly impair recruitment of any of the tested nucleoporins to the nuclear envelope in
mouse embryonic tissues.

To allow more detailed analysis of Nup133’s role in NPC assembly, we generated
Nup133+/+, Nup133merm/+, and Nup133merm/merm ES cells. As in Nup133-deficient
neuroepithelium, all nucleoporins analyzed localized properly in merm ES cells (Figure 2B
and data not shown). Furthermore, Western blotting detected comparable levels of several
nucleoporins in wild-type and merm e9.5 embryos (Figure 2C) and in ES cell extracts (Figure
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2D), indicating that other nucleoporins were present at relatively normal ratios in the absence
of Nup133. However, we cannot exclude the possibility that a subset of pores assembled
nucleoporins at altered stoichiometries. When cultured under maintenance conditions, merm
ES cells expanded at normal rates, and for at least 25 passages, appeared morphologically
identical to wild-type ES cells (Figure S3A). Since any maternally-supplied Nup133 would
have been exhausted before or shortly after the establishment of the merm ES cell lines, Nup133
functions are dispensable for NPC assembly and cell viability in mouse ES cells and early
embryonic tissues. Consistent with their wild-type behavior in culture, merm ES cells exhibited
no inherent chromosome instability compared to control ES cells. An examination of
metaphase chromosome spreads found a modal chromosome number of 40 in three independent
merm and two independent wild-type ES cell lines (Figure S3B; Table S1).

Nup133 expression is cell type-restricted in the mouse embryo
We examined Nup133 transcription in Nup133GT/+ embryos by whole-mount staining for β-
galactosidase (β-Gal) activity (Figure 3) and corroborated the results by in situ hybridization
to wild-type embryos (Figure S4). Early post-implantation embryos expressed Nup133
exclusively in the epiblast; we detected no expression in extraembryonic tissues
(extraembryonic ectoderm and visceral endoderm; Figure 3A). Once gastrulation began,
Nup133 expression became more complex. It varied not only between tissues, but also between
developmental stages and axial positions within a single tissue (Figure 3B–F). Certain tissues,
such as the node at e7.5–e8.0 (Figure 3B–C) and endocardium and hindgut endoderm at e9.5
(Figure 3D–F), lacked any detectable Nup133 expression. Tissues that were among the most
dysmorphic in the merm mutant (Figure 1A), neuroepithelium and paraxial mesoderm/somites,
expressed high levels of Nup133 (Figure 3D). Such a cell type and stage-specific expression
pattern indicated that rather than acting as a core structural component, Nup133 functions as
a modulator of NPC activity.

merm ES cells fail to contribute uniformly to tissues of chimeric embryos
We generated chimeric embryos containing both wild-type and merm cells to investigate the
differentiation potential of Nup133-deficient cells in the developing mouse embryo. We
injected LacZ-expressing ES cells into wild-type blastocysts, an experimental configuration in
which the donor ES cells do not contribute to extraembryonic ectoderm and endoderm, but
only to tissues in the embryo proper and to extraembryonic mesoderm (Bradley and Robertson,
1986; Tam and Rossant, 2003). We assessed the contribution of donor (Nup133+/+,
Nup133merm/+, or Nup133merm/merm) ES cells in the resulting chimeric embryos by assaying
for β-Gal activity. The findings shown in Figure 4 are representative of those obtained from
blastocyst injections with one Nup133+/+, one Nup133merm/+, and two Nup133merm/merm ES
cell lines.

Consistent with Nup133 expression in epiblast but not in extraembryonic ectoderm and
endoderm, chimeras with very high contribution of merm ES cells recapitulated the merm
phenotype (data not shown). Chimeras with low ES cell contribution displayed distinct
differences between the distributions of mutant and control ES cells. Nup133+/+ and
Nup133merm/+ ES cells contributed to all tissues at all axial levels. In contrast, in e9.5–e10
chimeras, virtually no merm ES cell derivatives were present in the neural tube and somites
(Figure 4A), tissues that normally expressed high levels of Nup133 (Figure 3D) and that were
malformed in merm mutants (Figure 1A). Such an outcome suggested an intrinsic inability of
merm ES cell derivatives to generate neural and somitic tissues. However, the presence of
merm ES cell derivatives in neural tube precursors (the neural plate at e8.0, Figure 4B; anterior
ectoderm at e7.5, Figure 4C), pointed instead to a gradual out-competition of mutant cells by
wild-type cells as a more likely explanation for the absence of merm cells in the e9.5–e10 neural
tube.
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Differentiating merm ES cells retain progenitor cell features and fail to efficiently generate
neurons in vitro

Of the 37 ES cell lines established from blastocysts isolated from Nup133merm/+ intercrosses,
five were wild-type, 13 heterozygous, and 19 (51%) homozygous for the merm allele of
Nup133. This was twice the number expected (9; 25%) from a Mendelian distribution of the
Nup133merm and Nup133+ alleles. Thus, merm ES cells appeared to have a selective advantage
under culture conditions designed to enrich for pluripotent cells. Consistent with this
possibility, merm ES cells behaved comparably to normal ES cells under self-renewal
conditions in culture, yet not in the context of a chimeric embryo. One possible explanation
for these findings posits that differentiating merm ES cells tend to inappropriately maintain an
earlier, pluripotent state. For example, in chimeric embryos merm ES cells contributed to early,
but not to later stages of neural development which are incompatible with pluripotency.
Therefore, we asked whether the lack of Nup133 compromised the ability of ES cells to
differentiate along the neural pathway in vitro. When cultured in reduced levels of serum but
at concentrations of LIF that support ES cell maintenance, wild-type ES cells produce a mixture
of undifferentiated and neural progeny (Ying et al., 2003). Figure 5B shows that under similar
culture conditions, merm ES cells generated undifferentiated colonies almost exclusively,
based on (a–b) high levels of alkaline phosphatase activity - characteristic of germ cells and
undifferentiated ES cells - and on the expression of two transcription factors - (c–d) Oct4
(Pou5f1) and (e–f) Nanog - required for maintenance of pluripotency of epiblast and ES cells
(Tam and Loebel, 2007). For example, at day 12 of differentiation, two independent merm ES
cell lines contained 80% Oct4-expressing cells (79.8 ± 1.2% & 79.7 ± 1%). In contrast, 14.4
(± 0.44)% of the cells in one wild-type line and 28.2 (± 0.74)% in a second line were Oct4-
positive.

LIF withdrawal and addition of retinoic acid (RA) promote the differentiation of wild-type ES
cells into post-mitotic neurons (Ying et al., 2003). Compared to wild-type ES cells, merm ES
cells generated approximately seven-fold fewer neurons under these conditions (Figure 5A).
The merm ES cells, however, readily expressed Gata4, a marker of extraembryonic endoderm
(Figure 5A) (Pfister et al., 2007), arguing that ES cell differentiation into the extraembryonic
endoderm lineage does not require Nup133. To confirm impaired neural differentiation of
merm ES cells, we applied a third differentiation protocol which involves the growth of ES
cell derived embryoid bodies (EBs) in the presence of RA (Wichterle et al., 2002). merm ES
cell differentiation was similarly impeded under these conditions (Figure S5A). In one
experiment, wild-type EBs contained 23 ± 3% Oct4-positive and 17 ± 2% TuJ1-positive
(neuron-specific β-III tubulin) cells; whereas merm EBs consisted of 50 ± 4% Oct4+ and 7 ±
2% TuJ1+ cells (T-test: p < 0.0001 for Oct4; p < 0.0015 for TuJ1). In a second experiment,
using different wild type and merm ES cell lines, we detected 11 ± 2% Oct4+ and 25 ± 4%
TuJ1 + cells in wild-type and 41 ± 5% Oct4+ and 11 ± 1% TuJ1+ cells in merm EBs (T-test p
< 0.0001 for Oct4; p < 0.01 for TuJ1). Although unable to effectively execute terminal
differentiation into post-mitotic neurons, the merm ES cells were able to form neural
progenitors, identified by the expression and nuclear localization of the proneural transcription
factors, Sox1 (Pevny et al., 1998) and Brn2 (Bertrand et al., 2002) (Figure S5B).

merm embryos exhibit defects in neural differentiation
To investigate whether the observed block in merm ES cell differentiation reflected similar
defects in vivo in the developing merm embryo, we compared patterns of marker gene
expression between mutant and control embryos. Identifying appropriate control embryos was
complicated by the general developmental delay displayed by merm mutants (Figure 1B). Also,
as somite formation was strongly perturbed in merm, we were unable to use somite number to
select developmental stage-matched mutant and control embryos. Therefore, to evaluate
whether altered expression of a marker reflected general developmental delay or a more
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specific impairment, we used both gestational age-matched and one-day earlier wild-type
embryos as controls.

The e10.5 merm neural tube contained greatly reduced numbers of post-mitotic neurons
expressing TuJ1, even relative to a one-day earlier e9.5 control (Figure 6A, a–b). A second
pan-neuronal marker, Map2, verified this finding (Figure 6A, c–d). Expression of Sox1, the
earliest known marker of neural precursors, established a neural identity for cells in the
merm neuroepithelium (Figure 6A, e–f). The presence of Brn2+ cells indicated that the
merm neural tube, like its wild-type counterpart, contained neural precursors at a more mature
stage than that of the strictly Sox1+ cell (Figure 6A,c–d). To assess whether the observed defect
in neuronal differentiation reflected perturbations in the specification of different subclasses
of neural progenitors, we examined the expression of markers for dorsal-ventral patterning of
the early neural tube. In most mutants at e10.5, the spatial distribution of markers for neural
tube progenitors resembled that observed in age-matched controls: Msx1/2 for roof plate; Shh
and Foxa2 for floor plate (and notochord); Pax6, Pax3, Pax7 and Nkx2.2 for dorsal and ventral
neuroepithelium, respectively; and Olig2, a marker for precursors to motor neurons, the first
neurons to differentiate in the developing neural tube (Jessell, 2000) (Figure 6A, g–h; 6B, a–
h; and data not shown). Thus, once specified, merm neural progenitors were able to acquire
largely normal positional identities along the dorsal-ventral axis of the neural tube. Next, we
assessed the maturation of neural precursors by examining Id1 expression. Id1 is expressed in
the epiblast and throughout the neural plate until e8.5. One day later, Id1-expressing neural
progenitors segregate into dorsal and ventral domains. This regionalized expression persists
until at least e12.5 (Jen et al., 1996, Jen et al., 1997). Accordingly, Id1 expression was already
confined to its dorsal and ventral domains in a wild-type e9.5 neural tube (Figure 6A, g);
however, it was detected throughout the neuroepithelium of merm embryos as late as e10.5
(Figure 6A, h). Thus, although neural progenitors in the merm embryo were correctly
positioned, the persistence of Id1 expression indicated a defect in their maturation.

Id1 is expressed in mouse ES cells, where it prevents differentiation in the presence of LIF
(Ruzinova and Benezra, 2003; Ying et al., 2003). Additionally, Id gene expression blocks the
differentiation of many cell lines in culture by promoting the G1/S transition (Ruzinova and
Benezra, 2003). The G1 phase of the ES cell cycle, in contrast to that of most types of dividing
cells, is very short and cyclin D-independent. ES cells express minimal levels of cyclin D and
p27Kip1, a CDK inhibitor (Burdon et al., 2002; Savatier et al., 1996). Similarly, cyclin D1 and
D2 are not expressed in the epiblast of the early embryo until the start of gastrulation. Thereafter
cyclin D1 and D2 continue to be expressed in neural progenitors (Wianny et al., 1998),
consistent with a function in the transition from epiblast to lineage- restricted progenitor cells.
The merm neuroepithelium expressed very little cyclin D1, cyclin D2, and p27Kip1 (Figure
6C a–f), despite exhibiting appreciable levels of mitotic cells (phospho-Histone H3 staining;
Figure 6C, g–h). Thus, although able to proliferate, merm progenitor cells could not readily
establish a cyclin D-dependent G1 phase. Taken together, the results in Figure 6 indicate that
merm neural progenitors were unable to fully transition into the neural lineage and that they
abnormally maintained features of their pluripotent epiblast precursors.

merm embryonic neural precursors maintain features of earlier pluripotent epiblast cells
We examined marker gene expression in merm mutants at e8.5. Figure 7A shows results for
two genes, Otx2 and Fgf5, whose epiblast expression pattern changes in parallel with lineage
commitment during gastrulation. Otx2 is expressed throughout the epiblast at the pre and early
primitive streak stages but becomes progressively restricted to the anterior third of the embryo
by the headfold stage (Ang et al., 1994). Fgf5 is expressed in the epiblast just prior to
gastrulation and its expression completely disappears by the late streak stage (Hebert et al.,
1991). merm mutants abnormally maintained Otx2 and Fgf5 expression in the epiblast at e8.5,
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whereas wild-type embryos had already confined or extinguished epiblast expression of these
genes by e7.5, the late streak stage (Figure 7A, a–d). These data were indicative of a significant
developmental delay in the epiblast. In contrast, based on unperturbed marker gene expression
in merm mutants, development of extraembryonic ectoderm and endoderm proceeded
appropriately, consistent with the normal lack of Nup133 expression in these tissues. Otx2 was
expressed correctly in e8.5 merm anterior visceral endoderm (arrowheads in Figure 7A, a–b;
(Rhinn et al., 1998) and Bmp4 was expressed correctly in merm extraembryonic ectoderm
(arrowheads in Figure 7A, e–f; (Winnier et al., 1995). These marker expression assays
demonstrated that differentiation of the Nup133-deficient epiblast was out of sync with other
morphogenetic events in the gastrulating embryo; notably the late streak/early headfold
merm epiblast retained features characteristic of precursors normally present in the pre- and
early streak embryo.

In normal embryos, restriction to the neural lineage largely coincides, spatially and temporally,
with the loss of Oct4 expression, a marker of the undifferentiated, self-renewing state of
pluripotent ICM and early epiblast cells (Chambers and Smith, 2004; Ralston and Rossant,
2005; Scholer et al., 1990). We examined Oct4 expression in merm embryos to assess whether
Nup133-deficient epiblast appropriately restricted pluripotency during formation of the neural
lineage. In wild-type embryos (Figure 7B, a; c) Oct4 down-regulation proceeded in an anterior
to posterior manner, such that by the 6-somite-stage (e8.5) Oct4 expression was restricted to
primordial germ cells. In contrast, the down-regulation of Oct4 was markedly delayed in
merm embryos. For example, the mutant in Figure 7B (b) continued to express Oct4 at e9.5
even though, based on anterior neural plate morphology, it had developed beyond the e8.5
wild-type embryos (Figure 7B, a; c). In extreme cases, Oct4 was still present, albeit at reduced
levels, throughout the neuroepithelium of mutants with more than 6 somites (Figure 7B, d).
These results, confirmed by anti-Oct4 antibody staining (Figure 7B, e–f), indicated that
merm cells maintained features of the pluripotent epiblast long after restriction to the neural
lineage should have occurred.

DISCUSSION
Here we show that the conserved nucleoporin Nup133 performs an unsuspected role during
mouse embryonic development. Since NPCs can assemble in its absence, Nup133 likely serves
a modulatory rather than a structural function. We demonstrate a specific requirement for this
nucleoporin during the transition of a pluripotent cell into the neural–restricted lineage. Neural
progenitors generated in the absence of Nup133 abnormally maintain features of pluripotent
early epiblast/ES cells and exhibit impaired neuronal differentiation.

Nup133 is not an obligate component of the NPC in the mouse embryo
Nup133 was originally identified as a component of the evolutionarily conserved Nup107-160
complex, a major NPC structural subunit that resides on both sides of the nuclear envelope
(Alber et al., 2007; Hetzer et al., 2005). siRNA depletion in HeLa cells of several constituents
of the Nup107-160 complex, including Nup133, provided strong evidence that this complex
is essential for NPC assembly in vertebrates (Harel et al., 2003; Walther et al., 2003). In
contrast, studies in whole organisms (S. cerevisiae and S. pombe, A. nidulans, Lotus japonicus
and C. elegans) found that Nup133 is dispensable for cell viability (Bai et al., 2004; Doye et
al., 1994; Galy et al., 2003; Kanamori et al., 2006; Osmani et al., 2006). Our characterization
of the mermaid mutant revealed that mouse embryos lacking a functional Nup133 allele
developed through mid-gestation. Additionally, merm blastocysts gave rise to stable ES cell
lines. These findings demonstrate that in mouse, as in other organisms, Nup133 is not essential
for cell viability.
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We did not observe destabilization or mis-localization of any other nucleoporin in merm ES
cells and embryonic tissues (Figure 2), indicating that NPC assembly can proceed in the
absence of Nup133. Most significantly, Nup107, the direct binding partner of Nup133 in this
sub-complex, did localize appropriately to the membrane of merm nuclei. However, due to the
lack of suitable antibodies to other components of the Nup107-160 sub-complex, mis-
localization and potential dysfunction of its other members cannot be excluded in merm nuclei.

NPC subunit composition varies among different embryonic cell types
The data in Figure 3 established that Nup133 is not ubiquitously transcribed in all cell types
during mouse development. The expression of only one other nucleoporin has been examined
in the mouse embryo, that of Nup50 (Guan et al., 2000). Although ubiquitously expressed,
levels of Nup50 varied significantly among different tissues, with the highest levels found in
the neural tube, the most severely compromised tissue in Nup50-deficient embryos
(Smitherman et al., 2000). Similar to the merm allele of Nup133, a null mutation in Nup50 did
not generate a cell-lethal phenotype. Moreover, absence of Nup50 did not perturb NPC
formation, at least in primary embryonic fibroblasts.

A comparison of the phenotypes displayed by merm and Nup50 deficient embryos points to
different requirements for the two nucleoporins during development. In both mutants
morphological abnormalities became apparent after e8.5 and in both, these abnormalities
included growth retardation, a kinked neural tube, and exencephaly. However, whereas
merm embryos died at mid-gestation, Nup50−/− embryos survived up to birth, suggesting that
Nup133 performs essential functions in a wider variety of cell types than does Nup50. The
expression of p27Kip1 was perturbed in both nucleoporin mutants. In the Nup50−/− e10.5
neural tube, cells expressing p27Kip1 were scattered throughout the neuroepithelium; in the
merm e10.5 neural tube p27Kip1 expressing cells were located properly at the outer edge of
the neuroepithelium, but in greatly reduced numbers. These results are consistent with different
cellular defects leading to a similar disruption of neural tube morphology: delayed or blocked
differentiation of neural progenitors in merm and possibly abnormal migration or premature
differentiation of Nup50−/− neural progenitors.

The distinct neural progenitor differentiation defects in merm mutants suggest that cell-type
and stage-specific structures of NPCs confer distinct functional capabilities upon the pore.
Interestingly, Nup96+/− mice, although viable, exhibit a selective impairment of the immune
system, indicating that a given stoichiometry of nucleoporins differentially impacts NPC
function in different tissues (Faria et al., 2006).

merm cells retain precursor characteristics and display impaired differentiation
During normal gastrulation, restriction of epiblast cell differentiation potential is accompanied
by spatial and temporal alterations in gene expression. As shown in Figure 7, merm mutants
exhibited a marked delay in such shifts in gene expression, suggesting an impediment to
development beyond an early, pluripotent state.

Neural progenitor cells lacking Nup133 abnormally retained features of their epiblast
precursors and had a diminished capacity to generate post-mitotic neurons in ES cell culture
and in the developing embryo, pointing to a developmental requirement for Nup133 in
establishing the neural lineage. The execution of neuronal differentiation may depend on
concurrent activities of Nup133 and/or its functions at earlier steps in the neural lineage. Since
dorsal-ventral patterning of neural progenitors occurred appropriately in merm mutants, the
lack of Nup133-containing pores does not completely block epiblast cell differentiation at the
uncommitted, pluripotent state of a pre-streak embryo. Instead, our findings suggest that
Nup133 regulates only a subset of events required for correct differentiation, potentially related
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to the cell cycle, and that these events must be in sync with other activities in differentiating
progenitors for the formation of functional neurons.

merm mutants displayed abnormalities in a number of tissues in addition to the neural tube,
indicating that cell differentiation in other epiblast-derived lineages likely requires Nup133.
For example, the irregular somites in merm embryos (Figure 1A) suggest that Nup133 is also
pivotal for efficient differentiation of their precursors in the paraxial mesodermal lineage.
Wild-type paraxial mesoderm cells expressed high levels of Nup133 (Figure 3), while Nup133-
deficient ES cells did not contribute to somites in e9.5 chimeric embryos (Figure 4).
Conversely, the existence of tissues such as node, notochord, and hindgut that, although
epiblast-derived, normally express little or no Nup133 (Figure 3) implies that down-regulation
of Nup133 in certain cell types is functionally important for proper development.

A prominent feature of both differentiating merm ES cells and the merm neural tube was the
prolonged expression of Oct4, a marker and regulator of the undifferentiated pluripotent
progenitor cell state. Forced expression of Oct4 in adult intestinal epithelium inhibits
progenitor cell differentiation and results in dysplasia. Thus, adult progenitor cells are able to
respond to embryonic signals and failure to extinguish such signals can promote tumorigenesis
(Hochedlinger et al., 2005). Interestingly, NUP133 point mutations were recently identified in
human breast cancers (Sjöblom et al., 2006; Wood et al., 2007), suggesting that perturbation
of Nup133 function can contribute to oncogenesis.

Nup133 function during development
Several studies indicate that the Nup107-160 complex participates in more than one cellular
process: in interphase nuclei as a NPC component and in mitosis for spindle assembly and/or
proper kinetochore function (Boehmer et al., 2003; Harel et al., 2003; Orjalo et al., 2006; Vasu
et al., 2001; Walther et al., 2003; Zuccolo et al., 2007). The long term viability, normal rate of
expansion, and chromosome stability of merm ES cells demonstrate that Nup133 is dispensable
for any essential structural function of the Nup107-160 complex.

The smaller size of merm embryos might reflect a separate function of Nup133 during cell
division. However, it might also represent a complex secondary effect of inefficient
differentiation, as proliferation and differentiation are normally tightly coordinated during
development.

Studies in HeLa cells identified a contribution of Nup133 to mRNA export (Vasu et al.,
2001; Walther et al., 2003). However, as merm embryos develop through mid-gestation, bulk
mRNA export likely proceeds normally in the absence of Nup133. In agreement, in situ
hybridization detected comparable levels of nuclear and cytoplasmic polyA+ RNA in wild-
type and merm cells present in RA-differentiated embryoid bodies (Figure S5C).

Studies based on classical NLS- and NES-mediated transport did not reveal an involvement of
Nup133 in nuclear protein transport in HeLa cells (Vasu et al., 2001; Walther et al., 2003).
Consistent with this finding, a number of transcription factors localized properly to the nuclei
of merm neural progenitor cells (Figure 6A–B; Figure 7B, f, and Figure S5), including Oct4,
Nanog, and Brn2, whose nuclear import is NLS-dependent (Pan et al., 2004) (Do et al.,
2007) (Yasuhara et al., 2007). A recent study, using gain and loss of function assays in ES
cells, found that importin-α subtype switching triggers Brn2 nuclear localization and
subsequent neuronal differentiation (Yasuhara et al., 2007). Both over-expression of importin
α1 and knockdown of importin α5 in differentiating ES cells leads to a phenotype comparable
to that of merm ES cells in culture. Our preliminary experiments detected equivalent patterns
of expression and localization for Brn2, importin α1, and importin α5 in the neural tube of e9.5
merm and wild-type embryos (Figure 6; Figure S6). Thus, although we cannot exclude a subtle
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defect in importin α-mediated transport, Nup133 likely acts either downstream or in parallel
with the importin class switch in this neural tissue. Additionally, it is conceivable that Nup133
regulates the transport of a subset of proteins, perhaps using less canonical, karyopherin-
independent (and thus NLS-independent) nuclear transport pathways, such as those uncovered
for a number of transcriptional regulators (Xu and Massague, 2004).

Nup133’s position at the periphery of the Nup107-160 complex, with its NH2-terminal β-
propeller domain free for interaction, strongly argues that Nup133 mediates its developmental
role through contact with other proteins or protein complexes (Berke et al., 2004). Thus, in
addition to, or instead of, participating in nuclear transport and mitosis, Nup133-containing
pores may anchor specific proteins or protein-RNA complexes in the nucleus to mediate as yet
unknown functions of the NPC in vertebrate cells. Potential interesting candidates include
components of chromatin remodeling complexes and repressor/activator complexes with
histone-modifying activities (Kouzarides, 2007). Consistent with this idea is the finding that
ES cell differentiation requires inhibition of histone deacetylation (Lee et al., 2004). Recent
studies in yeast and Drosophila point to a contribution of the NPC in the transcriptional
regulation of a number of genes. For example, upon induction maximally transcribed yeast
genes are found associated with nuclear pores. Similarly, the Drosophila dosage compensation
complex, which promotes hyper-transcription of the male X chromosome, interacts with
components of the NPC (Akhtar and Gasser, 2007) (Taddei, 2007). Analyses of oncogenic
fusion proteins containing Nup sub-regions strongly hint at transport-independent functions in
transcription for mammalian nucleoporins (Kalverda and Fornerod, 2007) and interestingly,
both the MHC-Oct4 region and the proneural gene Mash1 appear to be regulated by changes
in chromatin structure and location during neural differentiation of ES cells (Aoto et al.,
2006; Williams et al., 2006).

EXPERIMENTAL PROCEDURES
Mouse Strains and Genotyping

merm mice were genotyped based on linkage to flanking SSLP markers developed during
positional cloning of the Nup133merm allele. Phenotypic analysis was performed in a congenic
129Sv/ImV strain, unless stated otherwise. The RRK090 ES cell line carrying a gene trap
insertion in Nup133 was obtained from BayGenomics. Nup133GT (GT) mice derived from this
ES cell line were genotyped by PCR using primers for LacZ or primers that distinguish between
the wild-type and Nup133GT alleles. See Supplemental Data for primer sequences. All animal
experiments were performed following protocols and procedures approved by the MSKCC
IACUC.

Analysis of merm Embryos
In situ hybridization, immunofluorescence and β-Gal staining were carried out as described
(Eggenschwiler and Anderson, 2000). Unless otherwise stated, photos of wild-type and
merm embryos and tissues were taken at the same magnification.

Chimeras and ES Cell Culture
ES cells were generated from blastocysts obtained from merm/+; Rosa26 X merm/+ crosses
according to (Hogan et al., 1994). Chimeric embryos were produced using early passage
(passage 3) ES cells according to standard protocols. The first two ES cell differentiation
protocols were adapted from (Ying et al., 2003). Briefly, ES cells were maintained under self-
renewal conditions (ESC medium supplemented with 1000U/ml ESGRO-LIF and 15% FBS).
For differentiation at normal LIF but reduced serum levels, ES cells were cultured for 12 days
in ES cell medium + 1000U/ml ESGRO-LIF + 5% serum. For RA-induced differentiation, ES
cells were cultured for two days in ES cell medium + 5% serum + 1µM RA, followed by 10
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days in ES cell medium + 5% serum. For counting, cells were trypsinized and resuspended in
PBS, fixed in 4% para-formaldehyde, then smeared on a slide and stained with antibodies. For
each marker cell counts from ten fields were averaged per line. ES cell differentiation into
embryoid bodies (EBs) was performed as described in (Wichterle et al., 2002). For each marker
cells counts were averaged from 14–15 sections per line. To obtain growth curves, ES cells
were seeded in 24-well plates and 4 wells were counted per time point per line. Alkaline
phosphatase activity was detected using NBT/BCIP (Roche). At least two wild-type and two
merm ES cell lines, at three different passage numbers, were used in each experiment.
Photographs were taken with a Nikon E800 compound fluorescent microscope using a digital
camera (Princeton Instruments) and Metamorph imaging software (Molecular devices).

Antibodies and Reagents
For a list of primary antibodies, see Supplemental Data. Fluorescent secondary antibodies were
from Jackson Laboratories and Molecular Probes. HRP-conjugated secondary antibodies were
from Amersham. Filamentous actin was detected with AlexaFluor-conjugated phalloidin
(Molecular Probes) and nuclei were visualized with DAPI (Sigma).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. merm mutant phenotype and characterization of the merm allele
(A) Pax3 whole mount in situ hybridization revealed developmental delay and severely
dysmorphic neural tube and somites in the merm e10.5 embryo compared to a wild-type embryo
at e9.5. The arrow indicates the distended primitive streak/tail bud. (B) A comparison of e9.5
merm embryos to wild-type embryos at e8.5 and e9.5, hybridized to Snail - a marker of cephalic
neural crest and limb mesenchyme - demonstrated the variability of the merm phenotype. (C)
The merm mutation in intron 22 (red arrow) led to a C-terminal truncation of the Nup133
protein (red dashed line); the LacZ gene trap (RRK090; GT) inserted into intron 5 of
Nup133. (D) The Nup133GT allele failed to complement the merm allele. All embryos are at
e10.5. (E) Extracts prepared from e9.5 embryos and ES cells of the indicated genotypes were
analyzed by Western blot using a polyclonal serum raised against human Nup133. Note the
lack of detectable Nup133 in the merm embryos and ES cells. A faint band in the GT/GT
embryos was consistent with low level expression of the full length Nup133 transcript. The
non-specific lower band (*) showed comparable loading.
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Figure 2. NPC composition in merm neural tissue
Immunofluorescence using anti-Nup133, anti-Nup107, anti-Nup153, or MAb414 antibodies
as indicated: (A) sections of e9.5 neural tube imaged by widefield (Nup133 and MAb414) and
confocal microscopy (Nup107 and Nup153); (B) undifferentiated ES cells photographed under
a widefield microscope. The portion of the nuclear envelope enclosed within the white
rectangle is shown at higher magnification above the panel. Despite the absence of Nup133 in
the merm mutant, merm and wild-type cells exhibited similar anti-Nup107, anti-Nup153, and
MAb414 punctate staining of nuclear pores. C and D, Western blot analysis detected
comparable levels of several nucleoporins in extracts of wild-type and merm mutant cells. (C)
wild-type (+/+) and two independent merm (−/−) e9.5 embryos; (D) wild-type (+/+),
heterozygous (+/−) and merm (−/−) ES cells. In D, MAb414 antibody was used to detect both
Nup153 and p62. In C, β-actin antibody staining served as a loading control.
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Figure 3. Nup133 expression in the developing embryo
Staining for β-Gal activity in GT/+ embryos at (A) the egg cylinder stage, (B–C) the headfold
(0-somite) stage, and (D–F) the forelimb bud stage. D and D' show, respectively, dorsal and
ventral views of the same embryo. Dashed lines in B, D and D' indicate the level of the section
shown in C, E and F, respectively. e, epiblast; ee, extraembryonic ectoderm; eem,
extraembryonic mesoderm; flb, forelimb bud; fp, floor plate; h, heart; hg, hindgut endoderm;
lpm, lateral plate mesoderm; m, mesoderm; n, node; nc, notochord; ne, neuroectoderm; nt;
neural tube; rp, roof plate; s, somite; se, surface ectoderm; tb, tail bud; ve, visceral endoderm.
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Figure 4. merm ES cell contribution in chimeras
Chimeric embryos dissected at (A) e9.5; (B) e8.0- ventral view, and (C) e7.5. ES cell
distribution detected by β-Gal activity (blue) in whole-mount preparations (left panels) and in
sections (right panels). (A) Wild-type ES cells contributed uniformly to tissues of e9.5 chimeric
embryos – far right panel, whereas merm ES cells were absent from the neural tube (nt) and
somites (s) – middle panel. Arrowheads in the left panel indicate the level of the section in the
middle panel. (B–C) In e8.0 and e7.5 chimeras, merm ES cells were detected in precursors to
the neural tube - the neural plate (np) and anterior/distal epiblast (ep) – and in precursors to
the somites – paraxial mesoderm (pxm). In the left most panels of (B) and (C) the arrowheads,
labeled a, b, and c, indicate the level of the corresponding sections. mes, mesoderm.
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Figure 5. merm ES cell differentiation in culture
(A) Upon LIF withdrawal and addition of retinoic acid (RA), merm colonies generated only
small numbers of differentiated neurons marked by TuJ1 expression (green); these had short
neurites compared to those in wild-type colonies. Gata4 (red) shows the presence of
endodermal cells. (B) After growth in reduced levels of serum, merm ES cell colonies contained
mostly alkaline phosphatase-positive (dark blue – b, higher magnification shown in lower
panel), Oct4-positive (yellow, d), and Nanog-positive (magenta, f) cells. In contrast, wild-type
ES cell colonies generated differentiated cells (unstained, a; green - phalloidin, c; and blue –
DAPI, e).
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Figure 6. Neural differentiation in merm embryos
(A) The e10.5 merm neural tube (b, d) contained fewer post-mitotic neurons (TuJ1- positive,
a–b; Map2-positive, c–d), even compared to an e9.5 control (a, c). Wild-type and merm neural
tubes expressed comparable levels of Sox2 (a–b), a marker of both epiblast and neural
progenitor cells, and of Sox1 (e–f), a marker of neural progenitor cells. The persistence of Id1-
positive cells throughout the merm neuroepithelium (h) indicated that the progenitors were
more immature than those in the e9.5 wild-type neuroepithelium (g). (B) The patterning of
neural progenitors was comparable between wild-type and merm neural tubes at e10.5 (a–h).
(C) Markers of the G1 phase of the cell cycle were mostly absent in the merm neural tube
(cyclin D1, a–b; cyclin D2, c–d; and p27Kip1, e–f), whereas expression of phosphorylated

Lupu et al. Page 20

Dev Cell. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



histone H3 (phospho-H3) indicated that merm and wild-type cells were undergoing mitosis at
similar levels (g–h). Immunofluorescence with the indicated antibodies was performed on
cryosections of neural tubes prepared from e9.5 or e10.5 merm and wild-type embryos and
imaged by confocal or widefield microscopy.
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Figure 7. Epiblast differentiation in merm embryos
(A) Patterning of merm e8.5 extraembryonic tissues was similar to that of an e7.5 wild-type
embryo: Otx2, anterior visceral endoderm – arrowheads (a–b); Bmp4, extraembryonic
ectoderm – arrowheads (e–f). Patterning of the merm epiblast was delayed by more than 24
hours: Otx2 (a–b); Fgf5 (c–d). Whole-mount in situ hybridization was performed on wild-type
and merm embryos on the C3HeB/FeJ strain background; anterior is to the left. (B) Whole-
mount in situ hybridization with an Oct4 probe to e8.5 wild-type (a, c) and e9.5 merm embryos
(b, d) and anti-Oct4 immuno-labeling on e9.5 neural tube sections (e–f) revealed delayed
extinction of Oct4 transcription in the differentiating merm epiblast/neural plate and the
persistence of Oct4 nuclear localization in the merm neural tube. DAPI nuclear staining is
shown in blue.
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