Ltd., Japan, REC-RCABO0002PF) in a humid chamber. Slides were washed in
wash buffer (3x) and incubated with goat anti-rabbit secondary antibody,
AlexaFluor488-conjugated (1:500 in blocking buffer; 45 min; Invitrogen) in a
humid chamber. Slides were washed once‘with wash buffer and once in PBS
and mounted in Vectashield containing DAPI. Cells were scoréd visually on a
Leica DM IRBE epiﬂuoréscence microscope equipped with a 100x PL APO
1.40 oil objective. I.'mages were collected sequentially on a confocal laser
scanning microscope (Leica TCS SP5; 63x Plan APO 1.4 oil objective, NA
1.4, Milton Keynes, UK), equipped with a 405 diode and an Argon (488 nm)
laser, and pinhole equivalent to 1 Airy disk. For comparison of Nanog sfaining
during Ring1B depletion, images were collected on the same day using the
same settings, and without saturation of the intensity signal. Raw TIFF images
were merged in Adobe Photoshop (A,dobe‘SystemS, Edianrgh, UK) without
further threéholding or filtering (e.g. no bac"k.ground subtraction)y.
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The SRA protein Np95 mediates epigenetic
inheritance by recruiting Dnmt1 to methylated DNA

Jafar Sharif">>* Masahiro Muto**, Shin-ichiro Takebayashi®*, Isao Suetake’, Akihiro Iwamatsu®, Takaho A. Endo’,
Jun Shinga®, Yoko Mizutani-Koseki?, Tetsuro Toyoda®, Kunihiro Okamura?, Shoji Tajima’, Kohzoh Mitsuya',

Masaki Okano® & Haruhiko Koseki*

DNA methyltransferase (cytosine-5) 1 (Dnmt1) is the principal
enzyme responsible for maintenance of CpG methylation and is
essential for the regulation of gene expression, silencing of para-
sitic DNA elements, genomic imprinting and embryogenesis'™.
Dnmtl is needed in S phase to methylate newly replicated CpGs
occurring opposite methylated ones on the mother strand of the
DNA, which is essential for the epigenetic inheritance of methyla-
tion patterns in the genome. Despite an intrinsic affinity of Dnmt1
for such hemi-methylated DNAS, the molecular mechanisms that
ensure the correct loading of Dnmt1 onto newly replicated DNA
in vivo are not understood. The Np95 (also known as Uhrfl and
ICBP90) protein binds methylated CpG through its SET and RING
finger-associated (SRA) domain®. Here we show that localization
of mouse Np95to replicating heterochromatin is dependent on the
presence of hemi-methylated DNA. Np95 forms complexes with
Dnmtl and mediates the loading of Dnmt1 to replicating hetero-
chromatic regions. By using Np95-deficient embryonic stem cells
and embryos, we show that Np95 is essential in vivo to maintain
global and local DNA methylation and to repress transcription of
retrotransposons and imprinted genes. The link between hemi-
methylated DNA, Np95 and Dnmtl thus establishes key steps of
the mechanism for epigenetic inheritance of DNA methylation.

Methylation inheritance is the process of copying pre-existing
methylation patterns onto the new DNA strand after DNA replica-
tion’. Dnmtl prefers to methylate hemi-methylated CpG regions,
which appear after the replication and repair steps, and thus has a
dominant role in methylation inheritance®. Loading of Dnmt1 onto
its targets involves proliferating cell nuclear antigen (Pcna), which
promotes Dnmtl localization to replication foci, but Pcna is not
absolutely required in this process®®. Therefore, the molecular
mechanisms that load Dnmt1 to the hemi-methylated CpG regions
remain largely obscure. Recently; the Arabidopsis SRA protein VIM1
has been shown to be involved in recognition of methylated CpG and
" DNA methylation''. A closely related human protein NP95 also binds
to methylated promoters through its SRA domain, and mouse Np95
is essential for cell-cycle progression, DNA damage responses and
replication of pericentromeric heterochromatin®?*. Therefore,
Np95 is a possible candidate linking Dnmt1 with hemi-methylated
DNA in maminals.

To test this possibility, we first examined the localization of Np95
in embryonic stem cells (ESCs) by immunofluorescence analysis.
Because Np95 is known to colocalize with replication foci in mid-
to-late-S-phase fibroblasts’, we sorted ESCs into representative

cell-cycle stages and then stained them with 4,6-diamidino-2-
phenylindole (DAPI), and Np95, Dnmtl and Pcna antibodies
(Fig. 1a). There was an intense accumulation of Np95 at DAPI-dense
heterochromatin regions in mid-to-late-S-phase nuclei, but not in
the G1 or G2/M phase. We confirmed colocalization of Np95 with
Dnmtl and Pcna in mid-to-late-S-phase ESC nuclei, an observation
that prompted us to investigate whether human NP95 forms com-
plexes with DNMT1. In vivo biotinylated NP95 was used in a pull-
down assay'® (Supplementary Fig. 1). We tested for the presence of
DNMT1 in NP95 complexes by immunoblotting, and found signifi-
cant quantities (Fig. 1b) of catalytically active NP95-associated
DNMT1 (ref. 16, Supplementary Fig. 2). Because DNMT1 interacts
with PCNA*'°, we extended the analysis to PCNA and also found
PCNA in the NP95 complexes (Fig. 1b). Taken together, these results
indicate that NP95 forms complexes with DNMTI1 and PCNA at
replicating heterochromatic regions'’, where hemi-methylated
DNA is generated and concurrently converted into full-methylated.
DNA on both strands. )

We next examined whether the localization of Np95 is dependent
on methylated DNA using various Dnmt-deficient ESCs with char-
acteristic DNA methylation profiles. In wild-type ESCs, Np95 exhib-
ited a focal accumulation in replicated heterochromatin in a small
fraction of cells (~20%) and a diffuse localization pattern in the
rest (Fig. 1c-e). A similar Np95 distribution profile was seen in
Dnmt3a”'";Dnmt3b™’~ double-knockout (DKO) ESCs (Fig. 1c—e),
which retain considerable global DNA methylation'®. Np95 was also
able to localize to heterochromatin in Dnmtl ™'~ ESCs (Fig. 1c, e),in
which global DNA methylation is extensively decreased but not abo-
lished'®'. Interestingly, the percentage of DnmtI™'~ ESCs showing
Np95 heterochromatin accumulation was much higher than in wild-
t_ype and 3abDKO ESCs (Fig. 1¢). In contrast, Np95 showed a diffuse
localization pattern and almost no enrichment in the newly repli-
cated heterochromatin in Dnmtl ™'~ ;Dnmt3a™'~;Dnmt3b™"" triple
knockout {TKO) ESCs (Fig. 1c—e), in which DNA methylation is
absent™. These findings support the idea that localization of Np95
to replicating heterochromatin is dependent on methylated DNA. To
confirm this, we transiently expressed Dnmt3a and Dnmt3b, both of
which methylate DNA at pericentric heterochromatin, as either wild-
type or catalytically defective mutants in TKO ESCs and examined
the heterochromatin localization of Np95 (refs 20 and 21; Fig. 1fand
Supplementary Fig. 3). Dnmt3a and Dnmt3b restored the hetero-
chromatin localization of Np95, whereas the catalytically defective
mutants did not. These findings indicate that the heterochromatin
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Figure 1| Local accumulation of Np95 is dependent on hemi-methylated
DNA. a, Representative subnuclear localization of Np95, Dnmt1 and Pcna
in wild-type (WT) ESCs (E14) during cell-cycle progression (right). Merged
images for Np95 and Dnmt1 are shown. Profile of DNA content in
exponentially growing ESCs is shown (left). DAPI-A is an arbitrary unit that
represents fluorescent intensity of cells stairied by DAPI. b, Association of
NP95 with DNMT1 and PCNA in HeLa cell nuclear extracts, HeLa cells
transfected with expression vectors for BirA Escherichia coli biotin-protein
ligase and tagged-NP95 are indicated as ‘Tagged-NP95 + BirA’, whereas
those transfected with BirA alone are labelled ‘BirA’. ¢, Immunofluorescence
analysis of Np95 in wild-type, Dnmt3a™'~;Dnmt3b™'~ DKO, Dnmtl
knockout (KO) and Dnmtl ™'~ ;Dnmt3a™' ";Dnmt3b™'~ TKO ESCs.

d, Frequency of cells exhibiting heterochromatic localization of Np95 in
respective ESCs. More than three-hundred cells were visually scored for the
degree of speckled localization of Np95 for either strong or weak enrichment
at the heterochromatic regions. e, Nuclear localization of Np95 during
replication of the pericentromeric heterochromatin. Replication sites were
visualized by the incorporation of digoxigenin-11 (DIG)-dUTP.

f, Localization of Np95 in TKO ESCs, in which a wild-type or catalytic-
defective (C706S) Dnmt3a was transiently expressed. g, Localization of
Np95 in TKO ESCs, in which methylated or unmethylated dCTP was
incorporated simultanéously with DIG-dUTP. Scale bars represent 10 um.
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accumulation of Np95 during S phase is dependent on the DNA'
methylation mark rather than on the presence of Dnmt3 proteins.

Given that the primary Dnmtl substrate for methylation
inheritance is hemi-methylated DNA, we hypothesized that Np95
primarily recognizes hemi-methylated CpG, which is enriched in
newly replicated regions and thus is distributed in the nuclei in a
cell-cycle-dependent manner. Consistent with this hypothesis, Np95
accumulated in heterochromatin in most Dnmtl™'~ ESCs inde-
pendently of the cell-cycle stage, whereas the heterochromatin
enrichment of Np95 was barely detectable in the early S phase of
the wild-type cells (Fig. 1c and.Supplementary Fig. 4). This difference
could be explained by increased hemi-methylated CpG in Dnmil ™'~
ESCs, as has been seen in DNMTI-defective human cancer cells?,
whereas heterochromatic regions are probably symmetrically
CpG-methylated in wild-type ESCs in early S phase. We thus exam-
ined colocalization of Np95 and hemi-methylated DNA by replica-
tion labelling, in which 5-methyl-dCTP is incorporated into the
nascent strand of an unmethylated TKO genome®. Np95 was pro-
minently accumulated in heterochromatin when 5-methyl-dCTP
was incorporated into TKO ESCs (Fig. 1g). These results strongly
support a model in which local accumulation of Np95 is dependent
on hemi-methylated DNA. Consistent with our observations, the
recombinant SRA domain has been shown recently to bind hemi-
methylated CpG in vitro®.

We went on to examine the affect of Np95 loss on DNA methy-
laion" (Supplementary Fig. 5). Np95~'~ embryos show develop-
mental arrest shortly after gastrulation and exhibit early gestational
lethality in a similar manner to Dnmtl™'~ embryos. Genomic DNA
isolated from Np95™'™ and wild-type ESCs or embryos was evaluated
for the degree of global and local DNA methylation, Dnmt1™/~ ESCs
were used as a reference in these experiments'®. The level of global
DNA methylation in the absence of Np95 was determined by exam-
ining the resistance of the DNA to methylation-sensitive restriction
enzymes. Global CpG methylation was reduced. substantially in
Np95~'~ ESCs and embryos (Fig. 2a).

To refine our analysis, we next examined CpG methylation levels at
heterochromatic domains. Major and minor satellites at pericentro-
meric and centromeric heterochromatin, respectively, are highly
compacted and condensed; this is, at least in part, caused by the high
levels of methylated CpG. DNA blot analyses for major and minor
satellites revealed extensive hypomethylation in both Np95~/~ and
Dnmt1™'™ ESCs (Fig. 2b). We further investigated CpG methylation
levels by immuofluorescence using a 5-methylcytosine antibody.
Intense 5-methylcytosine staining at pericentromeric regions was
seen in the mitotic chromosomes and interphase nuclei of wild-type
ESCs, but was significantly reduced in Dnmt1™'~ and was totally
abolished in TKO cells (Fig. 2c). In Np95~'~ ESCs, 5-methylcytosine
staining was reduced to a level similar to that.in Dnmt1™/~ ESCs, but
was less than levels in TKO cells. The methylation defect in Np95~/~
cells was complemented by expression of Myc-tagged Np95.
Equivalent data were obtained for the major satellite sequences by
DNA bot analyses (Supplementary Fig. 6). In summary, CpG methyl-
ation in heterochromatic regions is reduced to a similar extent in
Np95~!~ and Dnmtl~'~ ESCs.

Most CpGs are methylated at retrotransposon-derived elements in
euchromatic regions. Loss 6f DNA methylation by Dnmt1 inactiva-
tion results in derepression of silenced retrotransposons®, We thus
examined DNA methylation at the promoter regions of the intracis-
ternal A particle (IAP) and long interspersed nuclear element 1
(LINE-1) retrotransposons. Hypomethylation of IAP retrotranspo-
sons in Np95~'~ ESCs was demonstrated by DNA blot analysis
(Fig. 2d). Moreover, hypomethylation of IAP and LINE-1 elements
in Np95™'~ embryos was confirmed by bisulphite genomic sequen-
cing (Fig. 2e). Prompted by these findings, we further investigated
whether Np95 has a role in genomic imprinting, which is mediated by
DNA methylation in somatic cells’. CpG methylation at the imprint-
ing control regions of imprinted H19, Kcnglotl (also known as Lit1)
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and Gtl2 genes was reduced in Np95~'~ ESCs (Fig. 2e). Taken
together, these results implicate Np95 in DNA methylation at both
heterochromatin and euchromatin compartments.

We went on to test whether defects in DNA methylation perturb
transcriptional repression in Np95~'~ embryos. Indeed, RNAi-
mediated knockdown of Np95 has been reported to increase pericen-
tromeric transcription'®. Similarly, in our analysis, IAP, LINE-1
and short interspersed nuclear element 1 (SINE-1) retrotransposons
were derepressed in Np95~'~ embryos (Fig. 3a). We also examined
whether parent-of-origin-specific expression at imprinted H19 and
Kenglotl loci was retained in Np95~'~ embryos. In the wild-type
embryos, maternally derived H19 and paternally derived Kcngqlotl
were exclusively expressed, whereas, in Np95~'~ embryos, both
alleles were expressed (Fig. 3b). This was accompanied by silencing
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Figure 2 | Impairment of DNA methylation status on Np95 gene
inactivation. a, Genome-wide DNA demethylation in Np95 KO ESCs (left)
and embtyos (right). b, DNA demethylation at the centromeric minor (left)
and major (right) satellite repeats. ¢, Anti-5-methylcytosine (5MeC)
immunofluorescence in wild-type (WT), Np95 KO, Np95 KO + Myc-Np95,
Dnmt1 KO and TKO ESCs in mitotic chromosomes and interphase nuclei.
Scale bars represent 10 pm. d, DNA demethylation at the IAP
retrotransposons. J1 and E14 cells are the parental ESCs for Dnmtl and
Np95 KO, respectively. e; Extensive demethylation of retrotransposons and
imprinting centres in Np95 KO embryos and ESCs, respectively. Bisulphite
sequencing results obtained from E9.5 mouse embryos for IAP and LINE-1,
and from ESCs for imprinting control regions (ICRs) of Igf2—-H19, Kenglotl
and DIk-Gtl2, are shown. The overall percentage of methylated CpGs is
indicated in parentheses. The P values indicate the significance of the
difference between wild-type and Np95 KO embryos.
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of the adjacent imprinted transcripts within the clusters (Igf2 and
Cdknlc). Therefore, Np95 is essential for transcriptional silencing
of heterochromatin and retrotransposons as well as for parent-of-
origin-specific expression of imprinted genes through regulation of
CpG methylation status. Taken together, Dnmtl-deperident CpG
methylation requires its association with Np95, indicating that
Np95 is required either to stimulate the catalytic activity or to direct
recruitment of Dnmtl1 to its DNA targets.

To test the first possibility, we examined the expression and cata-
lyticactivity of Dnmt1 in the absence of Np95. Dnmt1 expression and
catalytic activity were comparable in wild-type and Np95~'~ ESCs
(Fig. 4a). We also confirmed that expression of both Dnmt3a and
Dnmt3b were maintained (Supplementary Fig. 7). We then addressed
the second possibility by determining whether Np95 affects Dnmt]
subnuclear localization. Dnmtl had either a diffuse localization pat-
tern or a focal accumulation in heterochromatin in wild-type ESCs, as
shown in previous studies'’, whereas in almost all Np95_/" ESCs
Dnmtl had a diffuse localization pattern (Fig. 4b). The wild-type
phenotype was restored by introduction of Myc-tagged Np95. In
wild-type cells, Dnmtl accumulated in the replicating pericentro-
meric heterochromatin regions in mid-S-phase, and partially retained
its heterochromatin localization in late S phase. In contrast, no sig-
nificant enrichment of Dnmtl in heterochromatin was observed
throughout the S phase in Np95~'~ ESCs (Fig. 4c). These results
demonstrate the requirement of Np95 for proper localization of
Dnmtl. Because subnuclear localization of Dnmt1 is dépendent on
pre-existing DNA methylation marks®*?° and Np95 binds methylated
CpG?*, Np95 is shown to link Dnmt! te methylated DNA.

Our findings extend our understanding of the molecular mech-
anism that ensures the fidelity and efficacy of DNA methylation. We
have identified binding of the SRA-domain protein Np95 to pre-
existing methylated CpG, probably in a hemi-methylated state, as
an essential process in loading Dnmt! to hemi-methylated sites
where it mediates accurate and sufficient DNA methylation after
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Figure 3 | Misexpression of hypomethylated genes on Np95 gene
inactivation. a, Transcriptional derepression of endogenous
retrotransposons in Np95 KO embryos. Error bars represent standard
deviation. Total RNA derived from wild-type (WT), heterozygotes (HET)
and KO embiyos were used. b, Disruption of functional imprinting at the
two imprinted gene clusters. Monoallelic expression of H19 (paternal
repression) and Kcnglot! (maternal repression) was lost completely,
‘whereas expression of Igf2 and Cdknlc was absent in Np95 KO embryos. B,
C57BL/6 strain; }, JF1 strain; Mat., maternal; Pat., paternal; Actb, B-actin:
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replication (Fig. 4d). Consistent with this model, the Np95 SRA
domain preferentially binds to hemi-methylated CpG dinucleo-
tides™. It is noteworthy that Np95 forms complexes with nuclear
proteins involved in DNA repair and chromatin modifications
and/or functions*'* (Supplementary Tables 1 and 2). The role of
Np95 in linking Dnmt1 with DNA repair is probably represented
by hypersensitivity to DNA damage observed in the absence of
Np95 (ref. 13). Moreover, Np95 complexes share Pcna, Rbl, Parpl

and G9a with Dnmt1 (refs 9 and 26-28; Fig. 1b and Supplementary
Table 1). This suggests the involvement of Np95 in sensing not only
CpG methylation status but also other chromatin features to guar-
antee appropriate localization of Dnmt1 (Fig. 4d). Intriguingly, sim-
ilar methylation defects are seen in cells deficient in Cxxcl, an
unmethylated CpG binding protein®. This suggests that more pro-
teins recognize CpG methylation status in mediating levels of geno-
mic methylation. Collectively, our findings provide the first evidence
that the SRA-domain protein Np95 is required for a hallmark feature
of the epigenome, the coordinate regulation of local and global epi-
genetic features.

METHODS SUMMARY

Immunofluorescence analysis. Detailed procedures for immunostaining and
imaging are described in Methods. The: following antibodies were used: Np95
rat monoclonal antibody®’, Dnmtl rabbit polyclonal antibody (Santa Cruz
Biotechnology, sc-20701),. Pcna mouse monoclonal antibody (Santa Cruz
Biotechnology, sc-56), Alexa Fluor-488 goat anti-mouse immunoglobulin G
(Molecular Probes, A11017) and Alexa Fluor-555 goat anti-rabbit immuno-
globulin G (Molecular Probes, A21430).

Replication labelling. Nucleotide analogues were introduced into cells by a
hypotonic shift method as described ‘previously**®, with slight modifications
as described in Methods. A
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overlays of Pcna and Dnmt1 staining. The relative contribution of the
S-phase stage was not altered in Np95 KO ESCs (Supplementary Fig; 8).
d, Schematic representation of molecular actions of Dnmt1-Np95
complexes at the replicating heterochromatic regions identified in this
study. Pre-existing and newly synthesized DNA strands are indicated by
green. and blue lines, respectively. Scale bars represent 10 um,

Pull down of NP95 complexes from HelLa cell extracts. NP95 complementary
DNA was amino-terminally tagged with an oligonucleotide encoding a
23-amino acid biotin-binding domain'® and was subcloned into pCAGGS.
Procedures for cell culture and protein purification are described in Methods.
Mice. Np95-deficient mice were generated by using R1 ESCs according to stand-
ard protocols, and backcrossed onto a C57BL/6 background for three to six
generations'’, Schematic representations of Np95 genomic organization and
its targeting strategy are illustrated in Supplementary Fig. 1.

DNA methylation analysis. The degree of DNA methylation was assessed by
DNA blot hybridization, bisulphite genomic sequencing and 5-methylcytosine
immunostaining as described in Methods. Results of bisulphite genomic sequen-
cing were statistically examined as described in Methods.

RNA expression analysis. PCR with reverse transcription analysis was carried
out as described in the Methods. Primers used in this study are listed in
Supplementary Table 3. Detailed PCR conditions used in this work-are.available
on request,

DNA methyltransferase activity. DNA methyltransferase activity was deter-.
mined as described previously'®.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Binding immunoglobulin protein (BiP) is an endoplasmic reticulum (ER) molecular chaperone that is central to
ER function. We examined knock-in mice expressing a mutant BiP in order to elucidate physiological processes that
are sensitive to BiP functions during development and adulthood. The mutant BiP lacked the retrieval sequence that
normally functions to return BiP to the ER from the secretory pathway. This allowed us to examine the effects of a
defect in ER function without completely eliminating BiP function. The homozygous mutant BiP neonates died after
birth due to respiratory failure. Besides that, the mutant BiP mice displayed disordered layer formation in the
cerebral cortex and cerebellum, a neurological phenotype of reeler mutant-like malformation. Consistent with the
phenotype, Cajal-Retzius (CR) cells did not secrete reelin, and the expression of reelin was markedly reduced
posttranscriptionally. Furthermore, the reduction in the size of the whole brain and the apparent scattering of CR
cells throughout the cortex, which were distinct from the reeler phenotype, were also seen. These findings suggest
that the maturation and secretion of reelin in CR cells and other factors related to neural migration may be sensitive
to aberrant ER quality control, which may cause various neurological disorders.

Proteins destined for the secretory pathway are inserted into
the endoplasmic reticulum (ER) cotranslationally and sub-
jected to quality control (12, 25). Aberrant protein folding due
to extracellular stimuli such as ischemia, hypoxia, and genetic
mutations results in the accumulation of misfolded proteins in
the ER, which causes ER stress and initiates the unfolded
protein response (UPR) (35, 39) that enhances the capacity for
ER quality control by reducing general protein synthesis (18),
producing ER chaperones, and promoting ER-associated deg-
radation (4, 6). A failure of this adaptation mechanism may
cause cellular dysfunction and cell death, resulting in diverse
human disorders (24, 26) such as neurodegenerative disease
(21, 23), cardiomyopathy (15), and diabetes (17, 34). Further-
more, mutant mouse models have revealed that the UPR plays
a vital role during normal development by increasing protein
synthesis, as necessary, of dedicated secretory cells (46) such as
pancreatic beta cells (38), plasma cells (37), hepatocytes (36),
and alveolar type II epithelial cells (29). Inadequate adaptation
to these physiological demands may lead to diverse diseases.

ER molecular chaperones and folding enzymes such as bind-
ing immunoglobulin protein (BiP), calnexin, and protein disul-
fide isomerase facilitate the correct folding or degradation of
these newly synthesized proteins as well as of misfolded pro-
teins. BiP, also called the 78-kDa glucose-regulated protein
(GRP78), is a member of the heat shock protein 70 (HSP70)
family of proteins and is one of the most abundant ER chap-
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erones, assisting in protein translocation, folding, and degra-
dation (31). ER chaperones localize to the ER by two mech-
anisms: retention and retrieval (40). BiP is retained in the ER
by interacting with other ER proteins and the ER matrix.
When misfolded proteins accumulate in the ER, BiP is se-
creted from the ER together with the misfolded proteins,
where it assists with protein refolding, or it helps in the deg-
radation of these proteins (16, 47). In post-ER compartments,
the carboxyl-terminal Lys-Asp-Glu-Leu (KDEL) sequence of
BiP is then recognized by the KDEL receptor, which facilitates
the return of BiP to the ER (27, 30).

The complete depletion of BiP has lethal effects on mam-
malian early embryonic cells (28). Saccharomyces cerevisiae BiP
(Kar2p) is essential for survival, while the deletion of the
retrieval sequence (His-Asp-Glu-Leu [HDEL] in yeast) is dis-
pensable because the UPR is activated, and the loss of the
chaperone in the ER is compensated for (3). Therefore, to
elucidate physiological processes that are sensitive to BiP func-
tions during development and adulthood in multicellular or-
ganisms, we produced knock-in mice expressing a mutant BiP
in which the retrieval sequence was deleted by homologous
recombination. The mutant BiP mice died within several hours
after birth due to impaired pulmonary surfactant biosynthesis
and respiratory failure (29). We also found disordered layer
formation in the cerebral cortex and cerebellum in the mutant
BiP neonates. Although altered quality control in the ER due
to mutant BiP may affect the expression of several proteins

. with regard to corticogenesis, we found that the expression of
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one such protein, reelin, secreted by Cajal-Retzius (CR) cells
(9), was markedly reduced. These findings suggest that com-
mitted secretory cells, such as CR cells, have a threshold of
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protein-folding capacity to cope with the normal physiological
protein overload in the ER during development, and BiP plays
an important role.

MATERIALS AND METHODS

Reagents. The following antibodies were used: mouse monoclonal antibody
(mAb) CRSO against reelin (a gift from M. Ogawa, Brain Science Institute,
RIKEN, Japan), rabbit antiserum against the hemagglutinin (HA) epitope
(Zymed, San Francisco, CA), mouse mAb G10 against reelin, rabbit antiserum
against Dabl (Chemicon, Temecula, CA), rabbit antiserum against Dab1 (phos-
pho-Y220) (Abcam, Cambridge, United Kingdom), mouse mAb EPS5 against
fibronectin, mouse mAb 6A6 against very-low-density lipoprotein receptor
(VLDLR), rabbit antiserum against CHOP/GADD153, rabbit antiserum against
ubiquitin, goat polyclonal antiserum against BiP/GRP78, mouse mAb J-3 against
CdkS (Santa Cruz Biotechnology, Santa Cruz, CA), mouse mAb 9E10 against the
Myc epitope (ATCC, Manassas, VA), mouse mAb against y-tubulin (Sigma
Chemical, St. Louis, MO), mouse mAb SPA-827 against BiP (KDEL sequence)
(Stressgen, Ann Arbor, MI), Cy2-conjugated donkey antibody against rabbit
immunoglobulin G (IgG), and Cy3-conjugated donkey antibody against. mouse
1gG (Jackson Immunoresearch Laboratories, West Grove, PA). TO-PRO-3 and
a Slow-Fade antifade kit were purchased from Molecular Probes (Invitrogen,
Carlsbad, CA).

Pl ds and tr fon. A reelin cDNA (pCrl) was kindly provided by T.
Curran (St. Jude Children’s Research Hospital, Memphis, TN) (10). To express
a Myc-tagged mutant BiP lacking the KDEL sequence, a cDNA encoding a
mutant BiP with residues 1 to 650 was obtained by PCR using rat BiP cDNA (a
gift from H. R. B. Pelham, MRC Laboratory of Molecular Biology, United
Kingdom). The PCR product was subcloned into a pcDNA3.1 Mye-His vector
(Invitrogen, Carlsbad, CA). Transfection was performed with the calcium phos-
phate method (20).

Mutant BiP mice. We used homologous recombination to establish knock-in
mice expressing BiP lacking the carboxyl-terminal KDEL sequence (29). The
missing KDEL: sequence was replaced by an HA tag. All animal experimental
procedures were performed in accordance with a protocol approved by the
Institutional Animal Care Committee of Chiba University, Chiba, Japan.

Western blot. The brains removed from the mice and cells were homogenized
in a buffer containing 0.4% Nonidet P-40, 0.2% N-lauroylsarcosine, 30 mM
Tris-HCI (pH 8.0), 1 mM EDTA, 10 pg ml™! aprotinin, 10 pg ml™? leupeptin,
and 30 pg ml™! N-acetyl-1-leucinal-L-lecinal-L-norleucinal (ALLN; Sigma
Chemical). The lysates were boiled in sodium dodecy} sulfate-polyacrylamide gel
electrophoresis sample buffer and separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis under reducing conditions. Gels were transferred
onto polyvinylidene fluoride membranes (Immobilon-P; Millipore Corp., Bil-
lerica, MA), blocked with 5% nonfat dry milk in the. buffer .described above,
incubated with a primary antibody followed by peroxidase-conjugated donkey
anti-goat, anti-mouse, or anti-rabbit IgG, and developed by chemiluminescence
(ECL; Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom). Im-
aging was obtained by using 1. AS1000 and Image Gauge software (Fuji Photo
Film Co. Ltd., Tokyo, Japan). ’

Primary neuronal culture. Cortical neurons of mouse embryos were derived.

from embryos at day 17.5 to- 18.5 according to standard procedures (1). After
removing the meninges, cortical lobes were isolated in phosphate-buffered saline
(PBS), dissected into small pieces, and digested with 0.25% trypsin and 0.02%
DNase I in PBS with 5% glucose at 37°C for 20 min. Trypsin was then neutralized
with a half volume of horse serum, and the solution was centrifuged at 440 X g

for 5 min at 4°C. The resultant cells were triturated in Dulbecco’s modified.

Eagle’s medium (DMEM)-F-12 medium containing 10% fetal bovine serum
using a siliconized Pasteur pipette and scattered at about. 2 X 10° to 4 X 10°

cells/em? on plates coated with poly-L-lysine (Sigma). Cells were maintained in.

DMEM-F-12 medium containing 10% fetal bovine serum-1% penicillin-strep-
tomycin for 3 days at 37°C and then replaced with opti-MEM (Invitrogen)
containing 1% of an insulin-transferrin-selenium A mixture (ITS; Invitrogen)
and antibiotics. On the following day, the supernatants were collected, centri-
fuged using a table-top machine at 440 X g for 5 min at 4°C, and concentrated
by centrifugation (YMS50; Millipore). The neurons were treated with control or

reelin-containing medium (prepared as previously described) (8) at 37°C for 20.

min and collected for Western blotting. 293T cells were transfected with full-
length mouse reelin expression construct pCrl. The: following day, the cells were
washed with serum-free DMEM and maintained in opti-MEM containing 1%

ITS and antibiotics: After three more days, the conditioned medium was ‘col-.
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lected, centrifuged at 440 X g for 5 min at 4°C, and used as the reelin-containing
medium. .

Confocal and immunofluorescence microscopy of primary neurons. Cells on
coverslips were fixed in cold methano! for 10 min at —20°C and then processed
as previously described (20). The stained cells were examined by either confocal
laser scanning microscopy (LSM510 fitted with krypton and argon lasers; Carl
Zeiss, Oberkochen, Germany) or fluorescence microscopy (Axiovert 200 M; Carl
Zeiss). '

Northern blot. Northern blot analysis was done as previously described (15).
The expression level of the reelin and BiP mRNAs was assessed relative to that
of B-actin mRNA using densitometry by Image Gauge software (Fuji Photo
Film). :

In situ hybridization histochemistry. reelin cDNA extending from nucleotides
4716 to 5476 (GenBank accession number U24703) (9) was cloned into the
pGEM-T Easy vector (Promega, Madison, WI). In vitro transcription from reelin
cDNA was performed using a digoxigenin-UTP RNA labeling kit (Roche Ap-
plied Science, Mannheim, Germany) to prepare the antisense and sense cRNA
probes according to the manufacturer’s instructions.

The brains of mouse embryos at embryonic day 15.5 (E15.5) were fixed with
4% paraformaldehyde dissolved in 0.1 M sodium phosphate buffer (pH 7.4), and
postfixed overnight at 4°C with the same fixative. The brains were embedded in
2% agar in PBS and sliced coronally into 150-pm sections with a Microslicer
(DTK-3000; Dosaka EM, Kyoto, Japan). Hybridization and detection proce-
dures were performed as described below. The free-floating sections were incu-
bated with proteinase K (20 pg/ml) in 0.1% Tween 20 in PBS (PBST) for 10 min
at room temperature. Sections were rinsed with PBST, refixed in 4% parafor-
maldehyde for 20 min, and again rinsed with PBST three times each for 20 min.
Sections were prehybridized in hybridization buffer (50% formamide, X SSC
[1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate], 50 pg/mi heparin, 0.1%
Tween 20, 5§ mg/ml torula RNA) for 30 min at 65°C. Subsequently, sections were
hybridized overnight at 65°C with digoxigenin-UTP-labeled antisense or sense
riboprobes (0.2 pg/ml) in the hybridization buffer. Sections were then sequen-
tially rinsed in 2X SSCT (0.1% Tween 20 in SSC)-50% formamide twice each for
30 min at 65°C, 2 SSCT for 15 min at 65°C, and 0.2X SSCT twice each for 30
min at, 65°C and then incubated overnight with alkaline phosphatase-coupled
anti-digoxigenin antibody (1:4,000 dilution; Roche Applied Science, Mannheim,
Germany). After washing with PBST three times and then once with 0.1 M
Tris-HCl (pH 8.2), sections were stained by use of a solution prepared from
FastRed tablets (Roche Applied Science, Mannheim, Germany) according to the
manufacturer’s instruction and then washed with PBST three times. Sections
were ‘then coverslipped with 80% glycerol, and fluorescence images were ob-
tained directly with a confocal laser scanning microscope (LSMS Pa; Zeiss,
Oberkochen, Germany). No labeling was detectable in the control sections that
were hybridized with the sense riboprobe (data not shown).

Immunchistochemistry. Pregnant mice were deeply anesthetized by Nembu-
tal, and embryos were removed by cesarean section. The embryos were fixed by
transcardiac perfusion with 4% paraformaldehyde in PBS, and the heads were
further immersion fixed for 12 h at 4°C. Embryonic brains were then embedded
in 3% agar in PBS, and sections at a thickness of 200 pm were prepared on a
Microslicer (Dosaka EM, Kyoto, Japan). The sections were incubated with 10%
normal goat serum in PBS for 30 min to block nonspecific antibody binding and
then incubated with a mixture of CR50 mouse monoclonal antibody (1;200
dilution) (32) and rabbit anti-calretinin (1:2,000; Swant, Switzerland) in PBS for
12 h at 4°C. The sections were rinsed with PBS and then incubated with a mixture
of Cy2-conjugated anti-rabbit IgG (1:100; Jackson Immunoresearch) and Cy3-
conjugated anti-mouse IgG (1:200; Chemicon) in PBS for 2 h at 4°C. For
calbindin immunohistochemistry .of the cerebellum, rabbit anti-calbindin
(1:2,000; Swant) was used as the primary antibody, and Cy2-conjugated anti-
rabbit IgG was the secondary antibody. The sections were then rinsed with PBS
and. mounted onto glass. slides with 80% glycerol.. For counterstaining with a
DNA dye, the sections immunostained with anti-calbindin antibody were stained
with TO-PRO-3 (Invitrogen) and mounted with SlowFade (Molecular Probes).
The sections were observed under a confocal laser scanning microscope (LSM5
Pa; Carl Zeiss). ] :

BrdU labeling. Bromodeoxyuridine (BrdU) (80 mg - kg ™) was administered
intraperitoneally to pregnant mice at the E13 or E15 three times a day (at 10:00,
16:00, and 22:00). At E18, the embryos were removed by cesarean section and
perfusion fixed as mentioned above. The brains were embedded in agar, and
sections with a thickness of 200 pm were prepared and incubated with 2 N HCI
for 1 h at room temperature. The sections were then rinsed with PBS, treated
with 10% normal goat serum, and then incubated with a mouse mAb against’
BrdU (1:50; Becton Dickinson, San Jose, CA) for 12 h. After rinsing with PBS,
the.sections were incubated with Alexa 488-conjugated goat anti-mouse IgG
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FIG. 1. Absence of the KDEL retrieval sequence from BiP impairs
brain development. (A) Newborns at P1. (B) Brains from E18.5 em-
bryos. (C) At E18, large numbers of neurons are distributed in the
superficial layer of the mutant (right), in contrast to the cell-sparse
layer I of the control (left). (C) Hematoxylin-eosin staining. Scale bar,
100 pm. B/B, homozygous; B/+, heterozygous; +/+, wild type.

(1:500 dilution; Invitrogen) in PBS for 2 h at 4°C. The sections were then rinsed
again with PBS and mounted onto glass slides with glycerol. Immunolocalization
was observed under a confocal laser scanning microscope. The primordium of
the somatosensory cortex was divided into-10 layers from the ventricular surface
to the pial surface. The densities of BrdU-labeled cells in each layer were
determined in four serial sections from a representative brain of each genotype.
BrdU-labeled cells in the defined area of each section of the neocortical primor-
dium were counted from the ventricular surface to the pial surface to obtain the

ABNORMAL CORTICOGENESIS IN MUTANT BiP MICE

total numbers of labeled cells, and the average percentages of the labeled cellsin

each layer were plotted on a histogram.

RESULTS

Defective neocortical layer formation in mutant BiP mice.
The homozygous mutant BiP mice were born at the expected
Mendelian ratio, and they died within 1 day after birth due to
respiratory failure (29). They moved and responded to painful
stimuli but appeared pale and were significantly smaller than
wild-type mice (Fig. 1A). Among the various organs, the mu-
tant brain, including the cerebral cortex and cerebellum, was

173

295

E13-18

E15-18

w
Sl S+ < |2eBE|~

<
N

20 20

10 130 40% 0 10 30%

FIG. 2. Mutant BiP mice exhibit an outside-in pattern of neocor-
tical layer formation. Shown is birth date analysis of the neocortical
neurons. (A, B, and E) BrdU was administered at E13, and the dis-
tribution of the labeled cells was examined at E18. In control mice,
heavily labeled cells were stratified in the lower layers (layers V and
VI) (A), in contrast to the significant reduction of labeled cells in the
lower layers and their significant increase in the superficial layer in the
mutant (B). A quantitative analysis is represented in E. (C, D, and F)
BrdU was administered at E15, and the distribution of the labeled cells -
was examined at E18. In the control, heavily labeled cells reached the
upper layers (layers II and III), and the still-migrating cells were also
found in the lower layer (C). In contrast, only small numbers of the
labeled cells reached the upper layers (layers II and III), and a large
proportion of them were distributed in the lower layer in the mutant
(D). A quantitative analysis is represented in F. The graphs in E and
F represent the averages * standard errors of the means of BrdU-
labeled cells in each layer of four serial sections from a representative
brain of each genotype. The extent of the layers in that the cortical
neurons were intensely labeled with BrdU is indicated by a vertical bar
in each picture. B/B, homozygous mutant; +/+, wild-type mice; LV,
lateral ventricle; ps, pial surface; svz, subventricular zone; vz, ventric-
ular zone; I to VI, neocortical layers. Scale bars, 100 um.

substantially smaller than those of wild-type mice (Fig. 1B),
suggesting that the brain was particularly affected by the BiP
mutation. In fact, the neocortical stratification at E18, as ob-
served with hematoxylin-eosin staining, was defective in the
mutant BiP mice. The mutant brain had a relatively high den-
sity of neurons in neocortical layer I (Fig. 1C, right), in contrast
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FIG. 3. Significant downregulation of reelin expression in superfi-
cial layer I of the mutant BiP neocortical primordium. (A and B) The
levels of expression of reelin, CdkS, and +y-tubulin in brains of E18.5
embryos were evaluated by Western blotting. (C and D) At E16,
intense reelin immunoreactivity was found in the superficial layer of
the control (C), but immunoreactivity was significantly reduced in the
mutant brain (D). Scale bars, 200 pm. cp, cortical plate; iz, interme-
diate zone; svz, subventricular zone; 1, layer I; B/B, homozygous mice;
B/+, heterozygous mutant mice; +/+, wild-type mice.

to a low density of neuronal arrangement in the control (Fig.
1C, left).

Cortical neurogenesis occurs in the ventricular zone, and the
new neurons migrate through other new neurons to the mar-
ginal zone and then move to their final destination during
embryogenesis. To further investigate the defect in layer for-
mation during neocortical development, birth date analysis of
the neocortical neurons was carried out by BrdU labeling (Fig.
2A to D). Neuronal precursors in the ventricular zone became
labeled with BrdU during proliferation and migrated after the
final mitosis through earlier-born neurons to the cortical plate
in normal corticogenesis. When BrdU was administered at
E13, heavily labeled cells were distributed in forming layers V
and VI, and lightly labeled cells that repeated mitosis after
BrdU incorporation were distributed in the upper layers at E18
in the control (Fig. 2A and E), as reported previously by
Caviness (7). In the mutant, however, heavily labeled cells were
distributed in the upper layer up to superficial layer I, and few
labeled cells were observed in the lower layer at E18 (Fig. 2B
and E). When BrdU was administered at E15, in the control,
the heavily labeled cells reached upper layers II and III at E18
(Fig. 2C and F), as reported previously by Caviness (7), but in
the mutant, only a small number of heavily labeled cells
reached these upper layers, and most of the labeled cells were
distributed in the lower layer (Fig. 2D and F), These findings
indicate that, in the mutant brain, the earlier-born neurons
reached the superficial layer and remained there and that the
later-born neurons did not reach the upper layer, remaining in
the lower layer. The mutant BiP mice exhibited an outside-in
pattern of neocortical layer formation, in contrast to the inside-
out pattern in the control (7), indicating that neocortical layer
formation was impaired.

Mutant BiP mice have reduced expression of reelin. The
above-described findings suggested that aberrant neocortical
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+/+ B/B

FIG. 4. Mutant BiP mice exhibit defective cerebellar development.
(A and B) Staining of the cerebellar primordium at E18 with a DNA
dye, TO-PRO-3. The cerebellum of the homozygote (B) is much
smaller than that of the wild type (A). An EGL is formed in both
genotypes, but the progression of EGL formation in the caudorostral
direction is retarded in the homozygote (B). (C and D) Purkinje cell
distribution in the cerebellum at E18. Calbindin-immunoreactive Pur-
kinje cells are distributed in the cortical layer in the cerebellum of the
control (C). In contrast, large numbers of immunoreactive cells stay in
the subcortical region of the mutant cerebellum (D). Scale bars, 100
wm. B/B, homozygous mice; +/+, wild-type mice; cn, cerebellar nu-
cleus; egl, EGL; Pj, Purkinje cell layer; rl, thombic lip; IV, the fourth
ventricle.

formation is due to the defects in layer formation, like a defi-
ciency in reelin signaling in a reeler mutant malformation (9,
13) or a deficiency in CdkS signaling (33). Indeed, analysis of
the embryonic cerebral neocortex revealed significantly re-
duced reelin expression by Western blotting and immunoreac-
tivity in superficial layer I of the mutant BiP mice (Fig. 3A, C,
and D), while the expression of Cdk5 was preserved (Fig.. 3B).
These results are consistent with the fact that reelin is a secre-
tory protein that may interact with BiP in the ER, whereas
CdkSs is a cytosolic protein that is apart from BiP.

Because reeler malformation is also well documented in the
cerebellum with regard to the migration defect of Purkinje
cells (48), the structure of the cerebellum was examined at
E18. The growth of the mutant cerebellum was significantly
retarded as shown by staining with DNA dye (Fig. 4A and B).
Although the external granular layer (EGL) was formed in
both genotypes, the development of an EGL migrating tangen-
tially from the rhombic lip was significantly retarded in the
mutant BiP mice (Fig. 4A and B). A large number of Purkinje
cells remained in the subcortical region, in contrast to the
cortical arrangement of Purkinje cells in the control (Fig. 4C
and D). Hippocampal layer formation showed little defect in
the mutant BiP mice based on hematoxylin-eosin-stained
sections (data not shown).
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FIG. 5. Distribution of CR cells in the neocortical primordium. At
E16, reelin immunoreactivity (red) in the superficial layer (I) of con-
trol (A) and mutant (B) brains was present. Calretinin-immunopositive
CR cells (green) were found in the superficial layers of both control
(C) and mutant (D) mice. Reelin immunoreactivity colocalizes with
calretinin in CR cells in the control (E) (A and C were merged), but
reelin immunoreactivity is hardly detectable in the calretinin-positive
cells in superficial layer I of the mutant (F) (B and D were merged).
Furthermore, the cells that were double labeled with reelin and cal-
retinin were found in the layers below the superficial layer in the
mutant (F), although such cells were not detected in the wild type (E).
Scale bars, 50 pm.

The structure of the superficial layer of the neocortical pri-
mordium was further examined by double immunochistochem-
ical labeling for both reelin and calretinin. Calretinin-immu-
nopositive neurons, corresponding to CR cells in the
neocortical primordium, were found in the superficial layer of
the mutant BiP mice, but their numbers were significantly
reduced, and reelin inmunoreactivity was barely detected (Fig.
5B, D, and F), in contrast to the localization of reelin immu-
noreactivity in the calretinin-positive neurons in superficial
layer I of the wild-type mice (Fig. 5A, C, and E). Some of
calretinin-immunopositive CR cells of the mutant neocortex
appeared in a disorganized, scattered pattern other than the
marginal zone (Fig. SF). This finding was confirmed by in situ
hybridization histochemistry of the neocortical primordium by
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FIG. 6. The cells positive for reelin mRNA were scattered in the
neocortical primordium of mutant BiP mice. The distribution of CR
cells was further confirmed by in situ hybridization for reelin mRNA as
the marker of CR cells in the neocortical primordium at E15.5. In the
control, reelin mRNA-positive cells were situated in the superficial
layer (layer I) as shown in A. The higher magnification of the upper
cortical area represents the characteristic horizontal arrangement of
CR cells (B). In contrast, reelin mRNA-positive cells were distributed
from the superficial layer into the cortical plate in the homozygote ©).
(D) Higher magnification of the upper cortical area in C. The random
orientation of reelin-positive cells is evident. Scale bars, 100 um in A
and C and 50 um in B and D.

using reelin cCRNA probe as the marker for CR cells. The cells
positive for reelin mRNA formed a thin superficial layer in
wild-type mice (Fig. 6A and B). In contrast, the cells positive
for reelin mRNA were scattered in the upper layer of the
neocortical primordium of the mutant BiP mice (Fig. 6C and
D). These findings of in situ hybridization histochemistry cor-
respond well with those of calretinin-immunoreactive cells.
Furthermore, the present findings indicate that the transcrip-
tion of the reelin gene takes place to a similar degree in both
mutant and wild-type mice, but the reelin protein is signifi-
caritly reduced in the CR cells of the mutant.

While this mouse does have features of a reeler mutant
phenotype, such as an outside-in pattern of neocortical layer
formation and the migration defect of Purkinje cells in the
cerebellum, it also has other phenotypes in the brain that are
distinct from the reeler phenotype. These include the reduction
in the size of the whole brain and the apparent scattering of
reelin- and calretinin-positive neurons throughout the cortex.
This is not surprising since BiP likely has a multitude of sub-
strates that are significant for brain development. Among
them, we decided to focus on reelin since at least one of the
reeler mutants has a defect in intracellular transport of reelin
(11) rather than the production of reelin, and the transport
mutant BiP may affect the folding and secretion of reelin.
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FIG. 7. Reelin expression is reduced posttranscriptionally in the
mutant BiP brain. (A) The levels of expression of reelin, VLDLR,
Dabl, tyrosine-phosphorylated Dabl (p-Dabl), fibronectin, GRP94,
BiP, mutant BiP, CHOP, and +y-tubulin in brains of E18.5 embryos
were evaluated by Western blotting. In mutant BiP, the carboxyl-
terminal KDEL sequence was replaced by an HA tag. (B) Northern
blotting using probes for reelin, BiP, and B-actin mRNAS in brains at
E18.5. The expression levels of reelin and BiP mRNAs were as-
sessed by the relative ratio to B-actin mRNA. (C) Secretion of
reelin and mutant BiP in the culture medium from the primary
neurons and 293T cells transfected with reelin cDNA, as evaluated
by Western blotting. (D) Primary neurons were treated with control
(—) or reelin-containing medium (+) at 37°C for 20 min, collected,

and subjected to Western blotting with antibodies against reelin,

Dabl, tyrosine-phosphorylated Dabl, and y-tubulin. The expres-
sion levels of reelin and tyrosine-phosphorylated Dabl were as-
sessed by the relative ratios to +y-tubulin. (E) Expression of ubig-
uitinated (Ub) proteins in the cerebrum at E18.5 embryos, as
evaluated by Western blotting. B/B, homozygous mice; B/+, het-
erozygous mutant mice; +/+, wild-type mice.

Reelin secretion is impaired in the mutant BiP brain. Reelin
is a large secreted glycoprotein (9) produced by some cortical
-neurons such as CR cells in the marginal zone during devel-
opment. Reelin mediates cortical laminar formation through
binding to VLDLR. and apolipoprotein E receptor type 2
(ApoER2) on cortical neurons (8, 43). In reeler mice deficient
in the reelin gene (9), the cortical neurons lack the ability to
localize properly and settle inside the earlier-migrating neu-
rons (7).

In E18.5 mice, we used an antibody directed against the
amino terminus of reelin to detect a fragment of reelin (~180
kDa) in the wild-type cerebral cortex; however, these frag-
ments were much less intense in the homozygous mutant BiP

“cortex (Fig. 7A), consistent with histological observations. Al-
though VLDLR expression was equivalent between wild-type
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and mutant BiP cortices, dephosphorylated Dab1l accumulated
in the mutant BiP brain, indicating that the reelin signaling
pathway was inactivated there. The expression of another se-
creted glycoprotein, fibronectin, was preserved in the mutant
brain. The reelin deficiency was not a consequence of reduced
transcription, because reelin mRNA expression did not differ in
control and mutant brains (Fig. 7B), consistent with the in situ
hybridization experiment (Fig. 6). The expression of BiP
mRNA as well as CHOP protein (a cell death-related tran-
scriptional factor of the UPR) (50) was enhanced in the mu-
tant brain (Fig. 7A and B), suggesting that the mutant brain
suffered from ER stress. _

Mutant BiP might impair the folding of reelin, leading to its
degradation by the ER-associated degradation pathway or to
its secretion as an immature form from the CR cells due to an
escape from ER quality control. To test this possibility, we
used primary neurons derived from embryonic brains and
found a significant decrease in reelin secretion by the homozy-
gous mutant BiP neurons compared with that of wild-type or
heterozygous neurons (Fig. 7C). To investigate whether the
homozygous mutant BiP neurons maintained their respon-
siveness to reelin stimulation, we incubated primary neurons
with conditioned culture medium containing a severalfold
physiological level of reelin secreted by 293T cells tran-
siently transfected with reelin cDNA (Fig. 7D). Exogenous
reelin seemed to be active on the homozygous neurons,
leading to the activation of the reelin signaling pathway, as
demonstrated by a reduced amount of Dab1 expression and
an increased amount of phospho-Dabl expression. On the
other hand, the reelin signaling pathway in the heterozygous
mutant cortical neurons seems to be constitutively active
with endogenous reelin even without exogenous reelin stim-
ulation. Thus, Dabl expression and phosphorylation (Fig.
7D) are rather unchanged in the heterozygous mutant.
These results suggest that the impaired secretion of reelin
by the CR cells rather than defective responsiveness in the
cortical neurons may be responsible for the neurological
phenotype of reeler mutant-like malformations in mutant
BiP mice. Thus, the impaired retrieval of BiP may promote
the degradation of misfolded proteins by the ubiquitin/pro-
teasome pathway. In fact, ubiquitinated proteins accumu-
lated in the mutant cerebrum (Fig. 7E).

BiP may enhance the folding of reelin. Mutant BiP was
detected in the ER (29), but a significant fraction was also
secreted from cells because of the lack of the retrieval motif
(KDEL) (Fig. 7C). We examined the subcellular localization of
reelin to establish its relationship with mutant and wild-type
BiP. Reelin colocalized with mutant BiP in the ER in primary
neurons derived from heterozygous mutant BiP embryos; this
was also the case in cortical neurons in the homozygous mutant
postnatal brain, where the expression of reelin was reduced
(Fig. 8A). To obtain further insight into the interaction of BiP
and reelin, we performed cotransfection experiments in HeLa
cells. Coexpression of reelin and wild-type BiP, but not the
mutant BiP lacking the KDEL sequence, greatly enhanced the
expression of reelin protein (reelin mRNA levels were equiv-
alent in the two transfections) (Fig. 8B). These results suggest
that BiP promotes the folding of reelin.
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FIG. 8. BiP may enhance the maturation of reelin. (A) Subcellular
localization of endogenous reelin and mutant BiP in primary neurons
from the heterozygous (B/+) mutant BiP embryo and the cortex of the
homozygous (B/B) mutant BiP embryo (E18.5), as evaluated by con-
focal laser scanning microscopy, with double labeling using a mouse
mADb for reelin and a rabbit antiserum for HA. Scale bars, 10 wm,
(B) HeLa cells were transiently transfected with reelin alone or co-
transfected with either mutant BiP in which the KDEL sequence was
replaced by a Myc tag or wild-type BiP (the Myc-tagged mutant BiP
has a higher molecular weight than wild-type BiP). The levels of ex-
pression of reelin, BiP, and +y-tubulin were evaluated by Western
- blotting, and the levels of expression of reelin and B-actin mRNA were
evaluated by Northern bloiting. The expression level of reelin mRNA
was assessed relative to that of B-actin mRNA.

DISCUSSION

We produced knock-in mice expressing a mutant BiP with
the retrieval sequence deleted, which allowed us to examine
the effects of a defect in the response to secretory pathway
stress without completely eliminating BiP function, as would be
the case with BiP knockout mice (28). The loss of BiP function
was compensated for by the UPR in embryonic fibroblasts.
However, neonates expressing mutant BiP suffered respiratory
failure caused by the impaired secretion of pulmonary surfac-
tant in alveolar type II epithelial cells (29). Furthermore, we
observed abnormal corticogenesis in mutant BiP mice. Mutant
BiP may predominantly affect dedicated secretory cells, such as
alveolar type II cells and CR cells, in which active secretion is
particularly important; thus, protein folding was probably af-
fected in these cells. Indeed, we found an impaired secretion of
reelin in CR cells, which may account for one aspect of cortical
malformation in the cerebrum and cerebellum of mutant BiP
mice. We also demonstrated increased Dabl protein levels and
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a reduction in Dab1 tyrosine phosphorylation, which are con-
sistent with a reeler-like phenotype. On the other hand, this
mouse has other phenotypes in the brain that are distinct from

- the reeler phenotype. These include the reduction in the size of

177

the whole brain and the apparent scattering of CR cells
throughout the cortex, suggesting that mutant BiP may likely
interfere with other substrates in addition to the reelin re-
quired for brain development.

The deletion of the retrieval sequence from BiP could have
two possible effects. First, the lack of recycling of mutant BiP
to the ER could impair the folding environment in the ER.
This effect may be limited because constitutively active UPR
compensates for it, and a sufficient amount of the functional
mutant BiP, as long as it stays in the ER, may be produced for
cell survival. Second, the impaired retrieval of mutant BiP may
affect quality control in post-ER compartments. In addition to
the ER itself, several studies have revealed that proper ER-
to-Golgi. apparatus transport and the subsequent retrieval/re-
turn of proteins and lipids to the ER may contribute to quality
control (16, 19, 42, 45, 47). In this regard, the folding (and
therefore function) of reelin may be dependent on the proper
retrieval of BiP to the ER via interactions with the KDEL
receptor.

Reelin is a large 3,461-residue secreted glycoprotein that has
eight reelin repeats of ~350 residues each that contain an
epidermal growth factor motif followed by a carboxyl-terminal
33 residues rich in basic amino acids (43). During embryogen-
esis, CR cells secrete reelin as homo-oligomers that function in
cortical layer formation through binding to lipoprotein recep-
tors on cortical neurons (44). Although the folding, intracellu-
lar transport, and oligomerization of reelin have not been’
characterized in detail, we found that reelin protein expression
was impaired in mutant BiP mice, indicating that BiP may play
a fole in the maturation of reelin. Furthermore, we found that
the expression levels of BiP mRNA and the CHOP protein
were enhanced in the mutant brain, suggesting that the mutant
brain might have suffered from ER stress. We speculate that
the folding of the reelin protein may be vulnerable to impaired
quality control in the ER and the post-ER compartments of
mutant CR cells. If true, this assumption suggests that envi-
ronmental stresses that perturb ER quality control may also
impair the reelin signaling pathway and other factors, which
may cause neuronal migration defects.

In addition to brain development, several studies suggested
the possible role of reelin in the pathogenesis of human mental
disorders such as schizophrenia, autism, bipolar disorder, and
Alzheimer’s disease (5, ‘14, 43). Because reelin signaling
through ApoER2 in adult brains modulates synaptic plasticity
and memory formation (2), the defective reelin signaling path-
way may contribute to the pathogenesis of adult mental disor-
ders. Reelin and ApoE share ApoER2 on cortical neurons (8),
and ApoE inhibits reelin signaling by competing for binding to
ApoER2. Interestingly, the E4 allele of ApoE increases the
risk of developing sporadic forms of Alzheimer’s disease.

In the meantime, the persistent accumulation of misfolded
proteins beyond the capacity of ER quality control causes ER
stress, leading to cellular dysfunction and cell death (24, 26).
This process is thought to cause human mental disorders such
as neurodegenerative ‘diseases including Alzheimer’s disease
(23) and Parkinson’s disease (21), bipolar disorders (22), and
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ischemic neuronal injury (41). The involvement of impaired
BiP function in neurodegenerative diseases has been reported
in a mouse model where the disruption of SIL1, a cochaperone
of BiP, caused protein accumulation and neurodegeneration
(49). Thus, reelin signaling and ER quality control may be
related to the pathogenesis of adult mental disorders, as seen
" in reeler mutant-like cerebral malformation in mutant BiP
neonates.

The UPR is a ubiquitous mechanism in all cells to adapt to
ER stress in pathological conditions, and BiP is an essential
component of this system. Our results suggest that a physio-
logical increase in the production of reelin and other factors in
dedicated secretory cells like CR cells during neonatal periods
may require the UPR and a proper folding capacity in the ER.
Neuronal migration and stratification may be sensitive to en-
vironmental insults such as viral infection, hypoxia, and isch-
emia that perturb ER functions.
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Nucleotide-sugar transporter SLC35D1 is critical to
chondroitin sulfate synthesis in cartilage and skeletal
development in mouse and human

Shuichi Hiraoka®!3, Tatsuya Furuichi>!3, Gen Nishimura3, Shunichi Shibata*, Masaki Yanagishita®,
David L Rimoin®, Andrea Superti-Furga’, Peter G Nikkels®, Minako Ogawa!, Kayoko Katsuyamal,
Hidenao Toyoda®!!, Akiko Kinoshita-Toyoda®!?, Nobuhiro Ishida!2, Kyoichi Isono!, Yutaka Sanai'?,

Daniel H Cohn®, Haruhiko Koseki! & Shiro Ikegawa?

Proteoglycans are a family of extracellular macromolecules
comprised of glycosaminoglycan chains of a repeated
disaccharide linked to a central core protein!2, Proteoglycans
have critical roles in chondrogenesis and skeletal development.
The glycosaminoglycan chains found in cartilage proteoglycans
are primarily composed of chondroitin sulfate3. The integrity of
chondroitin sulfate chains is important to cartilage proteoglycan
function; however, chondroitin sulfate metabolism in mammals
remains poorly understood. The solute carrier-35 D1 (SLC35D1)
gene (SLC35D1) encodes an endoplasmic reticulum nucleotide-
sugar transporter (NST) that might transport substrates needed
for chondroitin sulfate biosynthesis5. Here we created
Sic35d1-deficient mice that develop a lethal form of skeletal
dysplasia with severe shortening of limbs and facial structures.
Epiphyseal cartilage in homozygous mutant mice showed a
decreased proliferating zone with round chondrocytes, scarce

@matﬁces and reduced proteoglycan aggregates. These mice had

short, sparse chondroitin sulfate chains caused by a defect
in chondroitin sulfate biosynthesis. We also identified that
loss-of-function mutations in human SLC35D1 cause
Schneckenbecken dysplasia, a severe skeletal dysplasia. Our
findings highlight the crucial role of NSTs in proteoglycan
function and cartilage metabolism, thus revealing a new
paradigm for skeletal disease and glycobiology.

Chondroitin sulfate chains consist of repeating disaccharide units of
N-acetylgalactosamine (GalNAc) and glucuronic acid (GlcUA),

which are sulfated at either the C6 or C4 position of GalNAC>. The
integrity of the chondroitin sulfate chain is maintained by elongation
(biosynthesis) of the chain and by sulfation of GalNAc. It has
been suggested that the chondroitin sulfate status of proteoglycan
modulates its functions in epiphyseal cartilage. In humans, after
skeletal maturation and concurrent with the disappearance of
epiphyseal cartilage, chondroitin sulfate chain length decreases by
more than half, and the ratio of C6 to C4 sulfation in chon-
droitin sulfate increases more than 20-fold®. These findings suggest
that the chondroitin sulfate chain length and sulfation pattern are
essential to cartilage growth activity. Accordingly, a broad spec-
trum of skeletal dysplasias results from mutations causing
undersulfation of chondroitin sulfate chains in humans and in
mice?”~1!, However, the full impact of defective chondroitin sulfate
chain length remains unclear, primarily owing to the lack of a
mammalian model.

The SLC35 gene family contains at least 17 human genes that
encode NSTs!2, NSTs are multiple-pass membrane-spanning proteins
that transport nucleotide-sugars from the cytosol into the lumens of
various organelles. Several NSTs are important in glycosaminoglycan
synthesis, supplying specific glycosaminoglycans with substrates for
biosynthesis'2. SLC35D! transports UDP-GIcUA and UDP-GalNAc,
which are substrates for the synthesis of chondroitin sulfate disaccha-
ride repeats®S. This transporter activity suggests that SLC35DI is
involved in chondroitin sulfate biosynthesis; however, much remains
to be learned about the biological role of SLC35D1 in chondroitin
sulfate biosynthesis. .
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Figure 1 Phenotype of the Sic35d1-deficient
mice. {(a) Gross morphology of wild-type (+/+) and

bar, 5 mm. (b) Skeletal preparations of 18.5-dpc
embryos stained with Alcian blue and Alizarin
red. From the top, skull, lumbar spine, ilium,
forelimb and hindlimb are shown. Scale bars,

1 mm. (c~g) Histological analysis of the
epiphyseal cartilage of wild-type and Slc35d1"
embryos. Dashed lines define the humerus.
Resting (R), proliferating (P) and hypertrophic (H)
zones in the epiphyseal cartilage are demarcated.
(c) Definition of the proliferating zone by

BrdU incorporation. H&E staining (top) and
immunostaining with antibody to BrdU (bottom)
of the epiphyseal cartilage from BrdU-labeted
embryos at 15.5 dpc. Insets at upper right of the
lower panels show BrdU-positive cells in the
boxed regions. Scale bar, 200 um. (d) /n situ
hybridization to determine the expression of
Slc35d1 and zone-specific molecular marker
mRNA in the epiphyseal cartilage of 15.5 dpc
embryos. In wild-type cartilage, Slc35d1 was
preferentially expressed in proliferating zones.
thh and Col10al were expressed in
prehypertrophic and hypertrophic zones,
respectively, whereas Col/2al was preferentially
expressed in resting and proliferating zones.
Expression patterns of the zonal markers were not
markedly affected in Sic35d17 mice. Scale bar,
200 pm. (e) H&E staining of the epiphyseal
cartitage of 15.5-dpc embryos (top) and toluidine
blue staining of plastic sections of the
proliferating zone of the epiphyseal cartilage from

15.5-dpc embryos (bottom). Scale bars, 100 yum 2
(top) and 10 um (bottom). (f) Frequency of Zf 10
BrdU-positive cells in the proliferating zone of 85
the epiphyseal cartilage of embryos at 15.5 and . E 8 Z

17.5 dpc. The number of BrdU-positive cells and
the total number of cells in five sections are from
two mice. Values represent mean % s.e.m.

15.5
Time {dpc)

17.5

(g) Electron microscopic images of ECM from the proliferating zone of the epiphyseal camlage of 17.5-dpc embryas magnified 10,000x (top) and
300,000x (bottom). A chondrocyte was observed in the lower left corner of the top micrograph. Scale bars, 1 pm (top) and 0.1 pm (bottom)

To clarify the biological role of SLC35D1, we isolated a full-length
mouse Slc35d1 messenger RNA and - synthesized its complementary
DNA. Its deduced amino acid sequence was 97% identical to that of
human SLC35D1. The mouse Slc35d1 protein had substrate specificity
and subcellular localization identical to those of its human counter-
part (Supplementary Fig. 1 online). Then we established an
Slc35d1- mouse line that transmits the mutation through the germ-
line (Supplementary Fig. 2 online). These heterozygous mice showed
no phenotypic abnormalities. RT-PCR analysis confirmed the absence
of Sle35d1 transcripts in homozygous embryos. Sic35d17 mice did
not survive the neonatal period; their crown-rump length was reduced
and their limbs were extremely short (Fig. 1a). Other external
phenotypic traits included a short snout, protruding tongue, narrow
thorax and protruding abdomen. Skeletal preparations showed hypo-
plasia of craniofacial bones, flattening of vertebral bodies, longitudin-
ally short ilia and extremely short long bones (Fig. 1b). This severe
chondrodysplasia confirms that Slc35d1 is crucial during prenatal
skeletal development in mice.

To understand the pathogenic basis of the chondrodysplasia phe-
notype, we investigated the histology of the epiphyseal cartilage of
Slc35d17~ mice at 15.5 days post coitus (dpc). Consistent with the
shortened limb length, the proliferating zone, as defined by BrdU

incorporation, was greatly reduced (Fig. 1¢). Slc35d1 expression was
intense in the proliferating zone of wild-type but absent in mutant
mice (Fig. 1d). The Slc35d1~'~ epiphyséal cartilage showed a disorgan-
ized proliferating zone in which the normal ‘columnar alignment of
chondrocytes was replaced by closely packed, round chondrocytes'and
very little extracellular matrix (ECM) space (Fig. 1e). The frequency of
BrdU-positive cells in the proliferating zone of the mutant mice was
similar to that in the wild-type mice (Fig. 1f), and TUNEL-positive
cells were rarely observed in the proliferating zones of both mutant
and wild-type mice (data not shown). The expression patterns of the
zone-specific markers Col2al, Ihh and Coll0Oal in Slc35417~ mice
were similar to those in wild-type mice (Fig. 1d), indicating that the
pattem of chondrocyte differentiation. was not affected. Electron
microscopic analysis of the ECM from the proliferating zones of
Slc35d17~ mice showed a loss of the pericellular halo and a denser
collagen fibril network (Fig. 1g). Higher-magnification images
revealed a severe reduction in and amorphous appearance of proteo-
glycan aggregates (Fig. 1g). These findings suggest that proteoglycan
synthesis is impaired in Slc35d17- epiphyseal cartilage.

To characterize abnormal proteoglycan metabolism in the mutant,
we examined the distribution of the core protein of aggrecan, a major
component of cartilage proteoglycan, and the chondroitin sulfate and
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Figure 2 Effects of impaired chondroitin sulfate
synthesis on cartilage proteoglycan in Sic35d1-
deficient mice. (a) Immunostaining and in situ
hybridization analysis for the core protein of
aggrecan. Sections from the distal humerus of
wild-type (+/+) and Slc35d1™* (~/-) embryos at
156.5 dpc are shown. Dashed lines define the
humerus. Zones are indicated as in Figure 1.
Scale bar, 200 um. Staining with an antibody to
an aggrecan core protein (top) and in situ
hybridization for the expression of Agcl mRNA

b _
CSase

ot

(bottom) are shown. (b) Western blot for aggrecan Slessat -1/_ o
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core protein in the epiphyseal and rib cartilages
of 17.5-dpc embryos. The intact aggrecan core
polypeptide, with a molecular mass of ~220 kDa
(arrow), is visible only after chondroitinase
(CSase) treatment in wild-type and homozygote
cartilage. (c) Staining with antibodies to
chondroitin mimotope (CS, top) and heparan
sulfate (HS, bottom). Sections from the
proliferating zone of the epiphyseal cartilage

of 15.5-dpc embryos are used. Scale bar,
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cartilage explants. Glycosaminoglycans of proteoglycans in rib-cartilage explants were metabolically labeled with [3%S]sulfate for subsequent chromatographic
analysis. Open and closed circles indicate samples from Sic35d1* and Sic35d17, respectively. Radioactivity is indicated as absolute (d) and as relative
value (%) as compared to the total analyzed sample (e-g). (d) Purification of the proteoglycan fraction. Explant extracts were fractionated by Q-Sepharose
chromatography and peak fractions were pooled (proteoglycan fraction). Aliquots were used for the following chromatography experiments. (e} Sephacryl
S-500HR chromatography with untreated samples. The peak positions of Sic35d17 and Sic35d1*- (arrows) corresponded to dextran of 3.1 x 105 kDa
and 1.2 x 108 kDa, respectively. ¥,, exclusion volume of the column; ¥, total volume of the column. (f) Superose6 chromatography with samples digested
with chondroitinase ABC. (g) Superose6 chromatography for glycosaminoglycan analysis. Before loading, the glycosaminoglycans were released from the
proteoglycan core proteins by p-elimination. The peak positions of Sic35d17~ and Sic35d1*- (arrows) corresponded to chondroitin sulfate chains of

1.3 x 10% kDa and 2.7 x 10* kDa, respectively.

heparan sulfate contents in epiphyseal cartilage. Immunostaining and
in situ hybridization analysis revealed that the amount of aggrecan
core did not differ between Slc35d1~~ and wild-type mice (Fig. 2a).
These results were further confirmed by western blot analysis
(Fig. 2b). Immunohistological studies of chondroitin sulfate and
heparan sulfate distribution suggested that the chondroitin sulfate
content of the Sle35d1~" epiphyseal cartilage was markedly reduced,
whereas the heparan sulfate content was unaltered (Fig. 2c).

Disaccharide compositional analysis'® also showed that chondroitin
@sulfate abundance in the Slkc35d17" cartilage at 18.5 dpc decreased to

one-seventh that of the wild type, but heparan sulfate abundance did
not change (Supplementary Table 1 online). These results suggest that
the Slc35d1 mutation causes defects in the chondroitin sulfate
biosynthesis of cartilage proteoglycan core proteins.

We further investigated the effects of altered chondroitin sulfate
biosynthesis on proteoglycans in Sic35d1/~ embryos by labeling newly
synthesized chondroitin sulfate with [>*S]sulfate in explant cultures of
rib cartilage'®. The radioactivity of the proteoglycan fraction per
explant weight in Slc35d1 mice was reduced to one-third of that
in heterozygotic mice, as determined by ion-exchange chromatogra-
phy (Fig. 2d). We next examined the relative molecular mass of
proteoglycans by using gel-filtration chromatography. The peak radio-
activity in the homozygous mouse extract shifted five fractions toward
the total volume of the column (V7) relative to the heterozygous
mouse extract peak. This shift represents a 75% decrease in the average
proteoglycan molecular mass in Slc35d17 extracts (Fig. 2e). We
confirmed that these radioactive peaks represent chondroitin sulfate
by digesting the extract with chondroitinase ABC, which shifted the
peaks completely to the V (Fig. 2f). Finally, we measured chondroitin
sulfate chain length by releasing chondroitin sulfate chains from
proteoglycan core proteins through B-elimination. In Sk35d17-
extracts, the major radioactive peak was broad, split and shifted to a

lower-molecular-mass position (Fig. 2g), indicating a reduction in
Slc35d17 cartilage chondroitin sulfate chain length to half of that of
the heterozygote. These results indicate that chondroitin sulfate
biosynthesis is impaired in Slc35d1~" cartilage.

Schneckenbecken dysplasia (OMIM 269250) is a perinatally lethal
skeletal dysplasia that is inherited as an autosomal recessive trait'>!7.
The German term ‘Schneckenbecken’ refers to the distinctive, snail-
like appearance of the ilia that results from a medial bone projection
from the inner iliac margin. Other hallmarks of Schneckenbecken
dysplasia include thoracic hypoplasia, severe flattening of the vertebral
bodies and short, thick long bones. The similarities of the skeletal and
histological findings in Skc35d17~ mice to the Schneckenbecken
dysplasia phenotype prompted us to search for SLC35D1 mutations
in individuals with Schneckenbecken dysplasia (Supplementary
Table 2 online). In two subjects with typical Schneckenbecken
dysplasia (Supplementary Case Report online), we found mutations
in both alleles (Fig. 3a). Subject 1, the product of a consanguineous
marriage, was homozygous for a 1-base pair deletion (c.125delA) in
exon 1 that produced a premature stop codon (p.S42sX9). Subject 2
was compound heterozygous for a nonsense mutation in exon 11,
€.932G — A (p.W311X) and a splice—donor site mutation, [IVS7+1G —
T. Sequencing of the RT-PCR product derived from Subject 2 revealed
that the IVS7+1G—T mutation causes abnormal splicing, which
produces a premature stop codon (Fig. 3b). The predicted truncated
protein (p.K212insLSSNLKLX) lacks the C-terminal 143 amino acids
of SLC35D1 and contains 7 substituted amino acids. Thus, all three
mutations are predicted to produce truncated proteins.

Next, we evaluated the NST activity of the predicted SLC35D1
truncation proteins in Subject 2 by using a yeast complementation
assay®>. Western blot analysis confirmed the expression of the mutant
and wild-type SLC35D1 in microsome fractions prepared from trans-
fected yeast cells (Fig. 3¢). Although SLC35D1-expressing microsomes
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showed higher incorporation of UDP-GalNAc, UDP-GlcUA and UDP-
GIcNAc relative to a non-expressing control, those expressing either
truncated protein showed the same incorporation levels as the control
(Fig. 3d). Therefore, both mutant proteins in Subject 2 completely lack
NST activity; judging from the considerably shorter length of p.S42£5X9
in Subject 1 (Supplementary Fig. 3 online); this mutant should also
lose activity. These findings indicate that Schneckenbecken dysplasia
can be caused by loss of SLC35D1 function.

Thus, we have shown that SLC35D1 has an indispensable role in
mouse and human skeletal formation. SLC35D1 deficiency causes the
shortening of chondroitin sulfate chains, leading to the disorganiza-
tion of a functional ECM in epiphyseal cartilage and to skeletal
dysplasias. SLC35D1 is a crucial molecule that regulates the chon-
droitin sulfate length in cartilage proteoglycan by supplying the
nucleotide-sugars used as substrates for chondroitin sulfate biosynth-
esis. Notably, the reduction in the average molecular mass of proteo-
glycan in the Slc35dI7~ cartilage was discordant with that of
chondroitin sulfate, as determined by gel-filtration chromatography
(Fig. 2e,g). These results suggest that not only is the chain length
reduced, but so is the number of chondroitin sulfate chains on the
aggrecan core in Slc35d17" mice. SLC35D1 may be involved in both
the initiation and the elongation of chondroitin sulfate chain synthe-
sis. Further studies are required to evaluate this possibility.

Our identification of the SLC35D1 mutation in Schneckenbecken
dysplasia contributes to the molecular classification and diagnosis of
perinatally lethal skeletal dysplasias. Human skeletal dysplasias are
grouped by their phenotypic similarities, which reflect causal similar-
ity in many cases'®. Schneckenbecken dysplasia belongs to the ‘severe
spondylodysplastic dysplasias’ group, for which no causative muta-
tions were known before this study. SLC35D1 and other genes acting
in the same genetic pathway may well be responsible for these lethal

Figure 3 Loss-of-function mutations of SLC35D1 in Schneckenbecken
dysplasia. (a) Identification of SLC35D1 mutations in two patients with

* typical Schneckenbecken dysplasia. Top schematic shows wild-type
" sequence and lower schematic mutant sequence. Mutations are indicated by

arrows. These mutations were not found in more than 40 ethnicity-matched
controls or in public sequence-variation databases. (b) Abnormal RNA
splicing caused by the [VS7+1G —T mutation in Subject 2. Sequencing

of the RT-PCR product encompassing exons 5-9 of RNA from Subject

2 showed an in-frame insertion of 27 nucleotides between exons 7 and

8 (c.636_637 ins27), which produced a premature stop codon. {¢,d) Loss
of nucleotide-sugar transporter activity by mutant SLC35D1 proteins.
Microsomes were prepared from yeast cells transfected with empty vector,
SLC35D1 or its mutant expression vector. (c) Western blots for wild-type
and mutant SLC35D1 proteins in yeast microsomes. (d) Transporter
activities of the mutant SLC35D1 proteins. The incorporation of nucleotide-
sugars for 1 min at 30 °C per mg microsome protein is shown. Each value
represents the mean + s.d. of duplicate experiments.

skeletal dysplasias. Also, our findings underscore other NSTs as new
candidates for human skeletal dysplasias. Indeed, a missense mutation
in the bovine Slc35a3 gene, which encodes a UDP-GlcNAc transporter,
is known to be responsible for complex vertebral malformations'”.
Our study may help build new bridges between skeletal biclogy
and glycobiology.

METHODS

Generation of Slc35d1-deficient mice. We generated a knockout mouse line of
the Slc35d1 gene by using methods previously described?. A bacterial artificial
chromosome (BAC) clone containing the mouse Slc35d1 was screened from an
embryonic stem (ES) cell-BAC library (see Acknowledgments). Using the BAC,
we constructed a targeting vector to eliminate the genomic region encompassing
exons 1-3 (Supplementary Fig. 2). We introduced this vector into R1 ES cells
and cloned homologous recombinants through selection with antibiotics and
verification of the genotype. We developed chimeric mice with the targeted
ES-cell clones and obtained homozygous mice by interbreeding the offspring.
All procedures, incduding mouse handling, were conducted according to guide-
lines approved by the RIKEN Institutional Animal Care and Use Committee.

Skeletal histology, in situ hybridization and immunohistological analysis.
We stained bone and cartilage from 18.5 dpc embryos with Alizarin red and
Alcian blue as described previously’’. We prepared paraffin sections (5 pm)
processed from 15.5 dpc embryos for H&E staining, in situ hybridization and
immunohistochemistry. We performed in situ hybridizations as previously
described??, using radiolabeled antisense RNA for Slc35d1, Col2al, Ihh, CollOal
and Agcl. We performed immunohistological detection- of aggrecan core
protein and chondroitin mimotope as described elsewhere?3, using specimens
pretreated with chondroitinase ABC. We immunodetected heparan sulfate with
a heparan sulfate-specific antibody, 10E4 (Seikagaku Corporation). We labeled
proliferating cells in 15.5- and 17.5-dpc embryos with BrdU (Sigma-Aldrich
Japan) and immunodetected them with antibody to BrdU (clone B44; Nippon
Becton Dickinson) as described previously**.

Transmission electron microscopy. For ultrastructural analysis, we fixed
specimens of epiphyseal cartilage taken from the humerus of 17.5-dpc embryos
through a 1-d immersion in a 5% (w/v) glutaraldehyde and 4% (w/v)
paraformaldehyde solution and a subsequent 3-h soak in 1% (w/v) osmium
tetroxide. We embedded specimens in Epon 812 (TAAB) and examined
ultrathin sections with the HITACHI H-800 transmission electron micro-
scope (Hitachi).

Western blot analysis. We extracted cartilage protein from 17.5-dpc embryos
with 4 M guanidine hydrochloride. We exchanged the guanidine hydrochloride
in the extracts to 8 M urea and 0.5% polyoxyethylene(10) lauryl ether, and then
removed the urea by dialysis. Subsequently, we digested the samples, equi-
valent to 5 pg of protein, with 0.01 unit of chondroitinase ABC (Seikagaku
Corporation) and analyzed by western blotting with antibodies to the aggrecan
core peptide (CHEMICON International). '
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