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Control of neurulation by the nucleosome assembly

protein-1-like 2

Ute C. Rogner?, Demetri D. Spyropoulos®, Nicolas Le Novére?, Jean-Pierre Changeux? & Philip Avner!

Neurulation is a complex process of histogenesis involving the
precise temporal and spatial organization of gene expression!2,
Genes influencing neurulation include proneural genes determin-
ing primary cell fate, neurogenic genes involved in lateral inhibi-
tion pathways and genes controlling the frequency of mitotic
events. This is reflected in the aetiology and genetics of human
and mouse neural tube defects, which are of both multifactorial
and multigenic origin3. The X-linked gene Napll2, specifically
expressed in neurons, encodes a protein that is highly similar to
the nucleosome assembly (NAP) and SET proteins. We inactivated
Nap1l2 in mice by gene targeting, leading to embryonic lethality
from mid-gestation onwards. Surviving mutant chimaeric
embryos showed extensive surface ectoderm defects as well as
the presence of open neural tubes and exposed brains similar to
those observed in human spina bifida and anencephaly. These
defects correlated with an overproduction of neuronal precursor
cells. Protein expression studies showed that the Napll2 protein
binds to condensing chromatin during S phase and in apoptotic
cells, but remained cytoplasmic during G1 phase. Nap1ll2 there-
fore likely represents a class of tissue-specific factors interacting
with chromatin to regulate neuronal cell proliferation.

The NAP-1 gene family has been implicated in the control of
mitotic events*®. NAP-1 assembles nucleosomes®’, acts as a core
histone chaperone® and controls mitotic events by interaction of
its SET domain with cyclinsl®. The mouse X-linked gene Nap1l2,
and its human homologue NAP1L2, are mainly expressed in the
nervous system!!, suggesting an effect on nucleosome assembly or
cell-cycle regulation specific to neural function.

To obtain a precise overview of the Nap1l2 expression profile, we
performed RNA in situ hybridization on sections of mouse
embryos and adult mouse brain (Fig. 1a,c). Nap1l2 expression was
first detected at embryonic day (E) 10.5, which correlates with the
onset of neuronal differentiation in the central and peripheral ner-
vous systems (Fig. 1a). Differentiated regions within the nervous
system showed strong labelling, whereas ventricular zones showed

Fig. 1 Localization of Nap1l2 mRNAs in the mouse nervous system by in situ
hybridization with oligonucleotide probes. a, Bright-field photographs of film
autoradiograms showing Nap1l2 expression at different developmental stages.
The expression domain covers all structures of the nervous system, the neural
tube and the peripheral ganglia. b, Dark-field microphotographs of emulsion
autoradiograms, showing details of Nap1l2 expression in the nervous system.
Left, expression at the lumbar level in the E11.5 spinal cord and peripheral gan-
glia. Note the more extensive labelling in the ventral region due to the ventro-
dorsal differentiation gradient, also visible at E15.5 on the corresponding
autoradiogram. Right, expression in the E11.5 superior colliculus. Here again
the ventricular zone is devoid of labelling. c, Bright-field photographs of film
autoradiograms showing Nap1l2 expression in the adult mouse brain. Expres-
sion is widespread throughout the brain, but the intensity of staining is not
correlated with cell density, suggesting variable expression. Note the strong
labelling of the mammillary bodies. V, trigeminal ganglion; IX/X, ganglionic
complex of the IX and X nerves; cer, cerebellum; cx, cortex; drg, dorsal root
ganglion; hip, hippocampus; mb, mammillary bodies; mes, mesencephalon;
ne, neuroepithelium; pr, prosencephalon; rh, rhombencephalon; sc, spinal
cord; st, striatum; th, thalamus.

reduced signals (Fig. 1b). We conclude that Napll2 is mainly
expressed in neurons, and most strongly in post-mitotic neurons.

We created a null mutation of Nap1I2 in male embryonic stem
cells by homologous recombination. The intron-less gene was
partly replaced by a B-galactosidase reporter and a neomycin resis-
tance gene. Two independent Nap1l2~~ ES cell lines, 5b17 and
8b21, were used for blastocyst injection and morula aggregation.

From 153 chimaeric blastocysts, we obtained 34 pups, of which
only 3 were low-percentage chimaeras as judged by coat colour. We
obtained 37 newborns from 16 morula aggregation experiments
that were similarly low-percentage chimaeras. Neither highly chi-
maeric live animals nor germline transmission was found.

In the context of an X-linked gene, prenatal lethality was not
unlikely. We therefore examined embryos from CD-1 and
C57BL/6 morula aggregations at different time points after reim-
plantation (Figs 2 and 3). We found a large number of resorptions
between E12.5 and E14.5, whereas retarded embryos were mainly
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Fig. 2 Chimaeric, retarded and resorbed embryos at different
time points during mouse development. Average numbers of
embryos obtained in morula aggregation experiments are given
as percentages of total embryos recovered. Under other ‘chi-
maeric embryos’ are included all live chimaeric embryos recov-
ered that were not visibly retarded. Embryos obtained from the a0
CD-1 and C57BL/6 experiments are listed seperately. Each foster

mother was implanted with 8-12 morulas. .
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observed between E9.5 and E10.5, probably corre-
sponding to the resorptions found at later embryonic
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stages (Fig. 2). In general, we recovered fewer 20
embryos from the C57BL/6 morula aggregation 10-
experiments (Fig. 2), suggesting that genetic back- o

ground may be an important factor in determining
the severity of the phenotype.

We first detected nuclear localization motif (NLS)
-lacZ expression in normally developed embryos in
the caudal tip of the tail at E9.5 (Fig. 3). Expression
extended to the entire neural tube by E10.5. E12.5
embryos showed lacZ labelling within the neural tube and the
ganglia, and to a lesser extent in some muscles of the upper and
lower thoracic regions (Fig. 3a—¢, E12.5). The phenotype in these
embryos was highly reproducible. All chimaeric embryos had
defects in the surface ectoderm characterized by failure of neural
tube closure, typically in the upper and lower thoracic regions
(Fig. 3a—c). The percentage of chimaerism determined by lacZ
staining correlated with the severity of the neural tube defect
(Fig. 3a,b, E12.5).

We next analysed sections of embryonic tissue (Fig. 4). Strong
lacZ expression in the rhombencephalon and the spinal cord cor-
related with the failure of neural tube closure at this position
(Fig. 4a,c). Often, the surface ectoderm and the spinal cord were
detached from the rest of the body (Fig. 4a,e). Staining of lacZ
was generally fainter in the brain than in the spinal cord. Large
parts of the brain, including telencephalon, diencephalon and
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mesencephalon, were expanded (Fig. 4b). These neural tissues
were disorganized, and separation of neuroepithelium and neu-
rons was barely detectable. Immunolabelling with antibodies
against neuronal marker proteins demonstrated that most over-
produced cells corresponded to nestin-positive neuronal precur-
sor cells. At E14.5, the appropriate parts of the brain appeared
necrotic (Fig. 4g), and anencephaly was found in chimaeric E17.5
embryos (Fig. 3).

We observed a second associated phenotype at E13.5 and
E14.5. Two chimaeric E13.5 embryos showed overdevelopment
of the entire lacZ-stained surface ectoderm. One well-developed
E14.5 chimaeric embryo had the skin on its back detached (Figs
3, top, E14.5 embryo, and 4f,h). No phenotype was associated
with lacZ expression in other tissues.

The in vivo results suggest that the absence of Nap1I2 leads to an
overproduction of cells derived from neuroectoderm. In vitro, ES
cells differentiate on formation of embryoid bodies in suspension
culture. Re-attachment of the embryoid bodies after four days of
culture leads to the formation of various types of differentiated
cells. Formation of neurons can be increased by the addition of
retinoic acid to the medium!213, We used antibodies directed
against various neuronal marker proteins to visualize the specific
cell types formed: nestin, which is present in precursor cells; (3-
tubulin 111, in early neurons; NF200, in differentiated neurons; and
GFAP, in glial cells. The original ES-cell line CK35 and the mutant
cell lines 5b17 and 8b21 were able to form neurons in the presence
of retinoic acid in similar numbers and kinetics (data not shown).
We found NLS-lacZ expression (allowing us to follow Nap1I2 pro-
moter activity in the mutant cell lines) mainly in mature neurons,
but also in nestin-positive precursor cells.

In the absence of retinoic acid, the original cell line produced
relatively few neuronal cells. In contrast, the mutant cell lines
produced large numbers of nestin-positive neuronal cells
increasing from about 50 cells per mm? one day to 200 cells per
mm? three days after re-attachment (Fig. 5a,b). Many of these

Fig. 3 Mutant chimaeric embryos obtained from morula aggregation experi-
ments. The E17.5 embryo (CD-1 morula aggregate) is one of two embryos found
in the same experiment that exhibited anencephaly. The E14.5 embryo is a high
percentage chimaeric CD-1 aggregate with dark eye pigmentation that shows
detached surface ectoderm. In experiments using CD-1 morulas, we found 14 non-
resorbed chimaeric embryos, including six that displayed lacZ staining predomi-
nantly along the dorsal midline. The E12.5 embryos shown here are
representative of the ectoderm defects found (arrows): a,b,c, open neural tube;
d, hindbrain ablation. e, Exposed telencephalon. A control embryo is shown on
the right side of (d). The apparently normal E10.5 chimaera has lacZ staining along
its entire dorsal length. The two apparently normal E9.5 chimaeras show lacZ
staining restricted to the very caudal tip of the tail.
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nestin-positive cells were lacZ positive (Fig. 5¢). Pulse—chase
experiments using BrdU confirmed that these lacZ expressing
cells represent a growing cell population (data not shown).

We conclude from these experiments that the Nap1l2 mutation
affects the proliferation of neuronal precursor cells in vivo as well
as in vitro. The dual effect of retinoic acid on both neuronal cell
differentiation and G1 arrest of cell division® probably leads to
the suppression of the proliferative effect of the Nap1l2 mutation.

To understand the function of Napll2 protein in proliferating
cells, we studied its localization in P19 embryonal carcinoma cells!4
(EC), which also express Nap1l2. We cloned the coding sequence of
Napll2 into the pEGFP-C1 vector allowing expression of GFP
fusion proteins under the control of the CMV promoter. On trans-
fection of subconfluent P19 cell cultures, NaplI2 localizes to the
cytoplasm or to both the nucleus and the cytoplasm. Cell-cycle
arrest experiments showed that the protein is cytoplasmic in the G1
phase (Fig. 6a), whereas localization in the nucleus occurs in cells
that enter S phase (Fig. 6b). DAPI staining indicated co-localization
of Nap1l2 in regions of the nucleus with high chromatin density.
When cells expressing Nap1l2 were kept subconfluent and growing,
almost all of the Nap1l2-positive cells became apoptotic and died
within 24 hours. Napll2 protein remained associated with chro-
matin in apoptotic cells (Fig. 6¢). In contrast, Napll2-expressing
cells arrested in G1 phase survived in culture and few of these cells
became apoptotic. Similar results were observed on overexpression
of the unfused Napll2 protein, but not on overexpression of GFP
alone (data not shown). When placed under the control of the
Nap1l2 promoter, GFP-Nap1l2 similarly localized to the cytoplasm

Fig. 5 ES cells from the mutant ES cell line 5b17 differentiate in vitro into neurons.
a—c, Photos of immunofluorescence using anti-nestin antibodies. The normal cell
line CK35 (a) and the mutant cell line 5b17 (b) on day 9 of in vitro differentiation
are shown. c, lacZ-positive cells (arrows) within the nestin-positive cell population.
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Fig. 4 Sections of lacZ-stained embryos with specific phenotypes. a, Section of
an E12.5 embryo with an open neural tube defect (arrow) in the upper thoracic
region. b, Strong rearrangements of the brain of an E12.5 embryo. The posi-
tion of the rhombencephalon is indicated (rh). c, Exposed neural tube (E12.5,
compare with a). d, Exposed neural tissue (arrow) of the brain (E12.5, compare
with b). e, Detached surface ectoderm (se) and spinal cord (sc) at E13.5. f, Over-
production of surface ectoderm (arrow) at E13.5. Note also the lacZ staining in
the virbrissa. g, Possible necrosis (arrow) in the brain of a chimaeric E14.5
embryo. h, Overproduction of surface ectoderm and lacZ staining in the under-
lying mesenchyme (arrow) at E14.5.

during G1 phase. Cells that expressed Napll2 in the nucleus after
replication showed condensation of the replicated chromatin, often
associated with apoptosis (Fig. 6d—g).

A possible mechanism for Nap1l2 function is suggested by its
interaction with condensing chromatin. Upregulation of Nap1l2
expression concomitant with neuronal differentiation may slow
down cell division or lead to cell-cycle arrest, or eventually to
apoptosis, a key mechanism regulating the elimination of neu-
ronal precursor cells during mammalian brain development?®,
Like other ubiquitously expressed proteins, Napll2 may partici-
pate in chromatin remodelling that can be directly correlated to
the frequency of cell division1®17. The importance of cell prolif-
eration in neural tube closure has been shown by, for example,
mutations in Hesl and Pax3, which correlate with changes in
rates of cell division in neural tissues819,

Closer examination of the role of Nap1l2 and NAP1L2 in neu-
ronal cell-cycle regulation should provide novel insights into the
development processes and the aetiology of neural tube defects in
mouse and human?’. In humans, heritability for anencephaly
and spina bifida is approximately 60% (ref. 3), and genetic back-
ground clearly influences the penetrance of mouse neural tube
defects?122, Differences in the phenotypic severity of the Nap1l2
mutation, dependent on genetic background, could be used to
identify modifier genes once conditional Napll2-mutant strains
become available.
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Methods

In situ hybridization. We carried out in situ hybridization as described?324,
A 45mer oligonucleotide (5—TTATCACAGTCACATACAATCAGAAGC
CTTGCACTAGCTGTTATC-3") was chosen from the 3" UTR of Napll2.
The temperature of the stringent rinse step was 45 °C. Labelling specificity
was Verified by displacement of labelled oligonucleotide with an excess of
unlabelled probe.

Construction of mutant ES cells. We used Nap1l2 cDNA to screen a 129/Sv
genomic phage library in A Dash Il (Stratagene). Six phages were identified
and analysed by single and double restriction digests with eight different
enzymes. The restriction pattern of the phage DNAs was compared with
that of genomic DNA. The insert of one of the phages was subcloned into
pBluescript SK(+) (Stratagene) using Notl and Xhol. A deletion in Nap1I2
was generated using the enzyme Hincll followed by intramolecular religa-
tion. This eliminated 890 bp of coding sequence. Religation created a
unique Sall site, which was then used to insert in-phase a 3-galactosidase
reporter gene and a neomycin resistance gene. The cloning of these cas-
settes disrupted the reading frame of the remaining Nap1I2 sequence. The
resulting fusion protein has no potential for Nap1l2 function, because it
includes only five amino acids from the amino-terminal end of Nap1l2. All
the non-deleted carboxy-terminal sequences are out of frame. Finally, we
inserted a HSV-tk cassette into the polylinker of the vector. The mutant
construct was transfected into the ES cell line CK35 (a male 129/Sv cell line
obtained from C. Kress and C. Babinet) and transfected clones were select-
ed with geneticin (G418) and ganciclovir. Southern-blot analysis for
screening of putative recombinants was optimized using the E18s single-
copy probe flanking the construct, which was isolated from overlapping A
clones?®, Two clones showed the expected restriction pattern for correct
integration of the 3GalNeo-cassette into Nap1l2. The absence of a Nap1l2
transcript was confirmed by RT-PCR and the presence of an unmodified
karyotype by examination of mitotic spreads. Both clones were used for
microinjection into C57BL/6 blastocysts2® and morula aggregation experi-
ments using either C57BL/6 or CD-1 morulas.

Morula aggregation. We performed morula aggregation experiments as
described?”-28, Embryos were obtained from 3-5-week-old females inject-
ed intraperitoneally with PMSG (5 1U) then 46 h later with hCG (5 1U),
and immediately mated with stud males. Females were checked for plugs
the following morning, noon of this day being considered as E0.5. We
killed positive females at E2.5 by cervical dislocation and isolated the
female reproductive tract into PBS. Morulas were isolated by flushing
oviducts using a blunt 30-gauge needle and M2 media. Zona pellucidas
were removed by brief incubation in Acid Tyrodes. Compacted and non-
compacted morulas were then transferred singly or in pairs into wells of
tissue culture dishes containing M16 media under mineral oil. Feeder-free,
ES-cell clumps (5-8 ES cells) from partially trypsinized ES-cell colonies
were added to wells containing morulas and incubated for 4 h in a 37 °C,
5% CO, humidified incubator. ES cell/morula aggregates were then trans-
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Fig. 6 P19 cells transfected with the
expression vector pEGFP express
GFP-Nap1l2 fusion proteins under the
control of the CMV promoter (a-c).
The cells are counterstained with DAPI.
Nap1l2 localizes to the cytoplasm of
cells arrested in G1 phase (a; growth in
medium with 0.5% FCS for 72 h), to
the nucleus of cells arrested in S phase
(b; 107 M methotrexate for 24 h), and
Napll2 localizes to the condensed
chromatin in cells undergoing nuclear
fragmentation (c). The lower panel
shows the DAPI counterstaining of (c).
d-g, Expression of the GFP fusion pro-
tein under the control of the endoge-
nous Napll2 promoter. d, Cell
expressing the Nap1ll2 fusion protein
during or after S phase show chro-
matin condensation. e, BrdU staining
of (d). f, DAPI staining of (d). g, Merge
of (d), (e) and (f).

ferred to fresh tissue culture dishes containing M16 media under mineral
oil and incubated overnight. We implanted 8-12 expanded blastocysts into
the uterine horns of each anaesthetized E2.5 foster mother, each of which
had been mated with vasectomized males.

Whole-mount X-gal staining of embryos. We carried out X-gal staining of
embryos as described®. This procedure is ideally suited for E10.5 embryos.
For older embryos, incubation times were lengthened accordingly.
Embryos were dissected into PBS. The PBS was then replaced by a solution
of 0.5% glutaraldehyde in PBS and the embryos shaken for 30 min at RT.
After three successive rinses with PBS for a total of 30 min, the PBS was
replaced by the staining solution (PBS containing 10 mM potassium ferro-
cyanide, 10 mM potassium ferricyanide, 1 mM spermidine, 2 mM MgCl,,
0.02% NP-40, 0.01% sodium deoxycholate and 0.05% X-gal). Overnight
incubation was at 30 °C, followed by rinsing in PBS and fixation in 3.7%
formaldehyde in PBS for several h.

Histological survey. The embryos were either frozen in dry-ice powder,
cryostat sectioned (14-pm sections), mounted on Superfrost+ slides and
stored at —80 °C, or dehydrated immediately through an alcohol gradient,
immersed in xylene, xylene/paraffin (1:1) and embedded in paraffin before
microtome sectioning. X-gal staining of frozen sections was performed as
described®. All sections were counterstained with either haematoxylin or
toluidine blue. After dehydration through ethanol series, the slides were
immersed in Histoclear (Prolabo) and mounted in Eukitt (Prolabo).

Differentiation of ES cells. Differentiation in vitro was carried out as
described?2, For proliferation studies, BrdU (10 uM; Sigma) was added to
the medium for 1 h. Anti-BrdU antibody was from the DSHB.

Immunolabelling. Fixation was carried out for 20 min in 2% paraformalde-
hyde, followed by a PBS rinse and by permeabilization with 0.02% Triton X-
100 for two min. After three further PBS rinses for five minutes, we incubat-
ed the slides for 1 h at 37 °C with the diluted antisera. PBS dilutions were as
follows: anti-B-tubulin 111, 1/400 (Sigma T-8660); anti-GFAP, 1/200 (DAKO
Z03345); anti-NF200, 1/200 (Sigma N-4142); and anti-nestin antibody,
1/200 dilution (Rat-401 from the Developmental Studies Hybridoma Bank,
University of lowa). Secondary FITC- or Cy3-labelled antibodies (Nordic,
Caltag) were used at a 1/300 dilution. After rinsing in PBS as above, slides
were mounted in 2% n-propylgallate in glycerol. 3-gal staining was per-
formed after fixation and three rinses in PBS as described above.

For sections, primary antibodies were incubated overnight at 4 °C in a
1/80 dilution in PBS, 0.3% Triton X-100, 1% normal serum; secondary anti-
bodies were used according to the manufactor’s instructions (Amersham).

Protein expression studies. The coding sequence of Nap1l2 was cloned into
the Xhol and Smal sites of the expression vector pEGFP-C1. Transfections
into P19 cells were performed using lipotransfection (Lipofect AMINE Plus
from Gibco). GFP expression analysis was carried out 24 h after transfec-
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tion using a fluorescence microscope and a standard illumination wave-
length of 475 nm. Alternatively, the GFP coding sequence was inserted into
the Sall site at the 5-end of the Nap1I2 coding sequence which was con-
tained in a genomic fragment covering Nap1I2 in its entirety.
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