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leading to the isolation of seven partial and one full-length Unc5h1 cDNA and
one full-length Unc5h2 cDNA. Additional screens of E13 rat dorsal and ventral
spinal cord libraries resulted in isolation of a second full-length Unc5h2 cDNA
as well as a nearly full-length Unc5h1 cDNA. Sequencing was done on a Licor
(L4000) automated sequencer as well as by ¥P cycle sequencing. Genbank
accession numbers are U87305 and U87306 for rat Unc5hl and Unc5h2,
respectively. RNA in situ hybridization was performed as described'".
Antibodies, expression constructs and immunohistochemistry. Rabbit
polyclonal antisera were raised against a peptide corresponding to a sequence
(YLRKNFEQEPLAKE) in the extracellular domain of UNC5H1 that is almost
completely conserved in UNC5H2 (one amino-acid substitution) and to
peptides corresponding to unique sequences in the cytoplasmic domains of
UNC5H1 (GEPSPDSWSLRLKKQ) and UNC5H2 (EARQQDDGDLNSLASA).
Antisera were affinity-purified on their respective peptides (Quality Controlled
Biochemicals). ¢cDNAs for the various constructs were subcloned into the
expression vectors pMT21 (Genetics Institute) and pCEP4 (Invitrogen) (for
UNC5H1 and UNC5H2) or pRc/CMV (Invitrogen) (for RCM), and transiently
transfected into 293 cells using lipofectamine. The antiserum to the
extracellular peptide can detect UNC5H1 and UNC5H2 proteins expressed
in transfected cells without cell permeabilization, whereas the antisera directed
against the cytoplasmic domain peptides detected their respective proteins after
cell permeabilization (data not shown). Netrin-1 protein was produced,
purified, used and visualized in binding assays as described", except that a
monoclonal antibody (9E10)* directed against a C-terminal Myc-epitope tag
was used to detect recombinant netrin-1. Binding with netrin (VI-V)—Fc on
293T cells transiently transfected with UNC5H1, UNC5H2 or RCM was
quantified essentially as described'’, except that after incubation with ligand,
cells were washed once rapidly with 600 ! PBS and then fixed with 100%
methanol followed by 4% paraformaldehyde. Cells were then washed once in
PBS before proceeding with the secondary antibody incubation. The full-length
UNCS5H1 protein appears to be toxic for transfected 293 cells (data not shown),
so binding experiments used a truncated UNC5H1 protein lacking a portion of
the cytoplasmic domain (truncation at amino acid 494), which was not toxic. A
293-EBNA cell line stably expressing the UNC5H2-Fc fusion was derived and
maintained as described'®". The fusion protein was purified from serum-free
medium conditioned for 7 d by affinity chromatography on protein A—agarose.
The 293 cell line expressing netrin-1 has been described". Binding of the
UNC5H2-Fc fusion to this line was visualized using a Cy3-conjugated
secondary antibody (Jackson Immunoresearch) directed against human Fc.
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The mouse rostral cerebellar

malformation gene encodes
an UNC-5-like protein |
|

Susan L. Ackerman, Leslie P. Kozak,
Stefan A. Przyborski, Laurie A. Rund*, ‘
Bert B. Boyer* & Barbhara B. Knowles

Migration of neurons from proliferative zones to their functional
sites is fundamental to the normal development of the central
nervous system"”. Mice homozygous for the spontaneous rostral
cerebellar malformation mutation (rcm®) or a newly identified
transgenic insertion allele (rcm®) exhibit cerebellar and midbrain
defects, apparently as a result of abnormal neuronal migration.
Laminar structure abnormalities in lateral regions of the rostral
cerebellar cortex have been described in homozygous rcm® mice’.
We now demonstrate that the cerebellum of both rem® and rem'
homozygotes is smaller and has fewer folia than in the wild-type,
ectopic cerebellar cells are present in midbrain regions by three
days after birth, and there are abnormalities in postnatal cere-
bellar neuronal migration. We have cloned the rcm complemen-
tary DNA, which encodes a transmembrane receptor of the
immunoglobulin superfamily. The sequence of the rcm protein
(Rcm) is highly similar to that of UNC-5, a Caenorhabditis elegans
protein that is essential for dorsal guidance of pioneer axons and
for the movement of cells away from the netrin ligand, which is
encoded by the unc-6 gene*”. As Rcm is a member of a newly

* Present addresses: Department of Biochemistry, University of Illinois, Urbana, Illinois 61801, USA
i The Institute of Arctic Biology, University of Alaska, Fairbanks, Alaska 99775, USA (B.B.B.).
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described family of vertebrate homologues of UNC-5 which are
netrin-binding proteins, our results indicate that UNC-5-like
proteins may have a conserved function in mediating netrin-
guided migration®.

Ataxia was observed in some of the offspring from heterozygous
matings of one (line 1.23) of three lines of mice transgenic for a
mitochondrial uncoupling protein (Ucp) minigene. Histological
analysis of these homozygous transgenic mice revealed cerebellar
abnormalities. Complementation tests in which mice heterozygous
for the transgenic lineage 1.23 were mated to heterozygous rcm’
mice, produced several offspring exhibiting the abnormal gait
characteristic of both homozygous 1.23 transgenic mice and homo-
zygous rcm’ mice. On the basis of these results, we assumed that the
Ucp minigene disrupted the rcm locus in this lineage.

A dramatic reduction in cerebellar size and in the number of folia
was observed in midline sagittal sections of cerebella from homo-
zygous rcm'® and remr’ adults (Fig. 1). This size reduction was more
pronounced in rem®® than in rem® homozygotes. Vermal fissure
development in rem® and rem’ homozygotes resulted in the forma-
tion of only five or six lobes, respectively, compared with the eight
major lobes seen in the control wild-type mice, rem™/+ and +/+
(B6C3). Fissure formation was also abnormal in the lateral cere-
bellar hemispheres of both rcm'/rem’ and rem™/rem™ mice, a
disruption that was more severe in the rem'® homozygote (Fig. 1).
The effects of both the rem™ and rem’ mutations on fissure devel-
opment were evident at birth (P0) and fissure development con-
tinued to be delayed during the postnatal period. The cerebella of
mutant mice were smaller at birth, suggesting that the rcim gene may
play a role in cell proliferation during embryogenesis (data not
shown).

The most striking defect in the brain of rcm homozygotes was
found in lateral regions where the inferior colliculus adjoins the
cerebellum. An abnormal band of granule cells extending from the
cerebellum and continuing into the inferior colliculus was observed
in sagittal sections lateral to midline. Analysis of the more lateral
sections revealed partial fusion of the inferior colliculus and the
rostral cerebellum and a number of ectopic granule and calbindin-
positive Purkinje cells in the inferior colliculus and tegmentum of
the midbrain (Fig. 1, and data not shown). These ectopic cells were
not found in the adjoining superior colliculus or thalamus, suggest-
ing that incursion of cerebellar cells into these regions is blocked
during brain development. To determine when during development
these ectopic granule and Purkinje cells arise, we did an in situ
analysis of serial sections from rcm’/rem® embryos at embryonic days
13.5, 15.5 and 17.5 and at postnatal days PO, P3 and P7, using a
antisense probe for Mathl, a basic helix—loop—helix protein
expressed in external granular cells”'’. Ectopic granule cells were
first detected at P3, the time when these cells normally begin their
postnatal migration, and had increased in number by P7 (Fig. 2a).
Ectopic Purkinje cells were not detected at PO but were found at P3
(Fig. 2b). Both ectopic granule and Purkinje cells expressed the rcm
transcript (data not shown), supporting a cell-autonomous role for
the rcm protein.

Defects in the laminar structure of rem™/rem® and rem’/rem’
cerebella were observed by P7. Abnormal external granule cell
migration, characterized by the appearance of cohorts rather than
individual cells migrating across the molecular layer, was clearly
evident in some lateral areas of the cerebellum (Fig. 2c). These
aggregates of cells that extend into the inner granule layer were often
associated with gaps in the Purkinje cell layer. The movement of
ectopic Purkinje and granule cells into the midbrain by P3, together

| with the presence of aberrant cohorts of granule cells postnatally

and the abnormal laminar structure in the adult cerebellum, suggest
a role for the rcm gene in neuronal migration.

To isolate the rcm gene, a genomic DNA fragment flanking the
transgene insertion site was identified (Fig. 3a). Restriction-frag-
ment length polymorphisms were detected by analysis of DNA from
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rem'® homozygotes and wild-type mice using the flanking fragment
as a probe. Analysis of DNA from an interspecific backcross
mapping panel confirmed that this fragment was derived from
the region of chromosome 3 known to contain the rcm gene''. Two
P1 clones containing this flanking sequence were identified and
genomic fragments that overlapped with the 8-kilobase (kb) Xbal
fragment were isolated and used as probes on Southern blots
containing wild-type and rcm®/rem® genomic DNA. Both this
analysis and polymerase chain reaction (PCR) studies using primers
corresponding to these fragments indicated that ~8.5kb of DNA
adjacent to the transgene insertion site was deleted (Fig. 3a, dashed
line).

Northern blots of adult brain RNA were probed with genomic
DNA fragments corresponding to sequences within the deletion in

midline lateral

V.V

rem!9/+

rem!9/remt9

remS/remS

Figure 1 Defects in the rem gene result in abnormalities in foliation and laminar
structure of the adult cerebellum. Haematoxylin- and -eosin-stained sagittal
sections from midline and lateral regions of wild-type (rcm'/+ and B6C3 Fe a/a
(B6C3)) or mutant (rem' /rem' and rem® /rem®) cerebella are shown. The lateral
ventricles and hippocampus were used as landmarks for the lateral sections.
Anterior is to the left and dorsal to the top in each photograph. Roman numerals

|-Xindicate vermal lobes. Fissures are abbreviated as follows: prc, precentral; pc,

preculminary; pr, primary; ic, intercrural; ppd, prepyramidal; sec, secondary; pl,
posterolateral; sp, superior posterior; ap, ansoparamedial; and pa, parafloccu-
laris. Hemispheric lobes are as follows: A, anterior; S, simplex; Cl, crus I; Cll, crus
II; Pmi, paramedial. In midline sections, note the absence of the precentral fissure
in the anterior region and the intercrural fissure in the medial posterior region (in
midline and lateral sections) in both rem™ and rem® homozygotes and the poor
development of the preculminate fissure in rem® homozygotes. Scale, 670 wm.
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order to identify candidate exons. Both the 1.7-kb Xbal fragment
(Fig. 3a, hatched box) and an adjacent 5.5-kb Xbal fragment (not
shown) detected a transcript of ~9.3kb in wild-type adult brain.
DNA sequence analysis of the 1.7-kb Xbal fragment using the
GRAIL 1A gene analysis program indicated the presence of a 110-
base-pair (bp) putative exon. cDNA clones encompassing 9.3 kb of
sequence were isolated by 5" and 3" RACE (rapid amplification of
cloned ends) using adult brain cDNA. A corresponding transcript
was not detected by northern blot analysis of adult cerebellar

messenger RNA isolated from homozygous rcm™ animals, whereas

Asp718

a similar amount of transcript was detected in rcm’/rem’ and wild-
type adults (Fig. 3b).

To test the rcm’ transcript for mutations, PCR analysis with
reverse transcription (RT-PCR) was done on rem’/rem’ and wild-
type cerebellar cDNA with primers designed from the putative open
reading frame. Primers corresponding to a region of the candidate
gene encoding the C terminus of the protein amplified a band from
rem’ that was ~160 bp larger than that from wild-type cDNA (data
not shown). Sequence analysis revealed a tandem duplication of an
exon encoding amino acids 763-818 that did not disrupt the

Figure 2 Midbrain and neuronal migration defects inrem' /rem™
mice. Anterior is to the leftand dorsal to the top. a,/n situ analysis
of parasagittal sections through the inferior colliculus (ic) and
cerebellum (cb) using Math1 as probe. Corresponding bright-
field and dark-field images are shown. Arrows denote granule
cells in midbrain regions of rem®/rem® animals. Such cells were
not detected in wild-type controls. Scale bars, 5.5 mm in PO and
P3, and 8.0 mm in P7. b, Immunohistochemical analysis of Purkinje
cells in parasagittal sections of postnatal rcm®/rem® brains after
reaction with calbindin antiserum. Sections were counterstained
with haematoxylin to show granule cells. Scale bars, 3.0 mm (P3)
and 4.8mm (P7). ¢, Parasagittal section through a P7 cerebellum.
Note the presence of an abnormal cohort of granule cells (large
arrowheads) and normal, individual granule cells (small arrow-
heads) in the molecular layer, EGL, external granule layer; ML,
molecular layer; IGL, internal granule layer. Scale bar, 1.6 mm.

Figure 3 Molecular characterization of
the rem' mutation and the expression
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blot was probed with a 0.7-kb rcm partial
cDNA fragment and reprobed with B-actin
as a control. ¢, Northern blot of poly(A)*
RNA (10 ng) extracted from normal adult
mouse tissues hybridized to a *?P-labelled
582-bprcm cDNA fragment. The blotwas
exposed to X-ray film at —70°C for 2.5
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Figure 4 RCM protein structure. a, Domain
structure of the RCM protein. An N-protein
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signal sequence (Sig) with a consensus clea-
vage site at residue 40 was detected by hydro-
phobicity and signal analysis®#. A hydrophobic
region of 24 amino acids (residues 377-400),
predicted to be the single membrane-spanning
region based on ALOM analysis, is flanked by

PHFL IEﬁ :ﬁvx 75
----- R 17
PEDY'A(.ﬁSSA 149
VDAFQQOCYAJGDD 92

ﬁﬁﬁﬁ¥;§éa§2 fég charged residues on both the N- and the C-
- - - CNERCGRGY 281 terminal sides, indicating that the RCM protein
HRIRDPHDvLPL{ﬂ 240

adopts a type 1a (NeyoCoyto) Orientation?2:. TSP-1,
thrombospondin type-1; TM, transmembrane
domain. b, RCM and UNC-5 amino-acid
sequence homology. Identical (boxed and
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RCM between the mouse RCM and C. elegans UNC-5
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in the most N-terminal region of the RCM protein
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reading frame but resulted in a putative Rcm protein containing an
additional 55 amino acids. Southern blot analysis of wild-type and
homozygous rcm’ DNA using this exon as a probe confirmed the
presence of this duplication in the genome of rcm’/rem’ mice (data
not shown).

Northern blot analysis of the remn transcript in adult mouse tissues
indicated that expression was highest in brain and lung (Fig. 3¢).
Less rcm RNA was detected in testis, ovary, thymus, spleen and
bladder; upon longer exposure (>7 days), transcripts were also
detected in kidney, intestine and salivary gland. In addition to the
predominant 9.3-kb band seen in most tissues, two additional
transcripts of 6.0kb and 4.4kb were present from ovary; testis
expresses a single band of 3.4 kb.

Sequence analysis of rcm ¢cDNA clones detected an open reading
frame encoding a 931-amino-acid transmembrane protein with a
predicted relative molecular mass of 103K. BLASTP analysis
detected two immunoglobulin (Ig)-like domains (residues 76—
151 and 181-246) and two thrombospondin (TSP) type-1 motifs
(residues 259-315 and 316—369) within the 377-amino-acid extra-
cellular region (Fig. 4a). This unique combination of immunoglo-
bulin and TSP-1 domains in the extracellular region is very similar
to the C. elegans UNC-5 transmembrane protein involved in cell
migration®. Amino-acid sequence comparison of the Rcm and
UNC-5 transmembrane protein also revealed a high homology
(29.5% identity and 72.8% similarity between residues 66—931)
(Fig. 4b). This sequence and structure homology between Rcm and
UNC-5 strongly supports our idea that Rem is involved in cerebellar
neuronal migration. Although the intracellular region of Rcm
appears to have no discernible domain structure, the amino-acid
sequence between residues 531-612 is 48% identical (65% similar-
ity) to the mouse and human tight-junction protein ZO-1 (Fig. 4c).
ZO-1 contains both SH3 and guanylate kinase-like domains, and
may be involved in signal transduction at specialized cell-cell
junctions'’,

The rem transcript is temporally and spatially regulated during
postnatal granule cell migration. In situ hybridization analysis of PO
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the RCM protein that is not found in UNC-5. ¢,
RCM and ZO-1 amino-acid sequence homology.
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region of the mouse RCM and the mouse ZO-1
proteins. The region is also conserved in the
human ZO-1 protein.
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brain detected high levels of rcrn mRNA in the cerebellum (Fig. 5a).
Cerebellar rcm expression appeared to peak at P7 (Fig. 5d) and was
significantly downregulated by P21 (Fig. 5f), by which time granule-
cell migration is complete. In the PO cerebellum, rem expression was
detected in granule-cell precursors in the external granule layer as
well as in Purkinje cells. At P7, rcm expression was detectable in cells
of both the superficial proliferating zone of the external granule
layer and in those of the premigratory zone. Expression was also
seen in migrating granule cells within the molecular layer, post-
migratory cells in the internal granule layer, and in Purkinje cells.
The rem transcript is therefore expressed in the cells that undergo
aberrant migration during the period in which these migrations
occur. Although the level of rcm expression in granule neurons
significantly decreased by P21, it was maintained in Purkinje cells
and remained detectable in these neurons in the adult brain.

Cerebellar expression appeared uniform with respect to rostral/ |

caudal and medial/lateral axes. rcm transcripts were also detected in
the olfactory bulb and the dentate gyrus of the hippocampus,
whereas the pontine and olivary nuclei expressed lower levels of
the transcript (Fig. 5a). Obvious abnormalities in these structures
were not detected in rem homozygotes.

Genetic studies in C. elegans indicate that the UNC-5 receptor
interacts with the netrin ligand encoded by unc-6 (refs 4, 6). Netrins
promote outgrowth of rat spinal cord commissural axons in vitro“.
In vivo, netrin-1 is not only required for guidance of spinal
commissural axons, but also for the formation of the pontine
nuclei and several brain commissures, indicating a role for this
molecule in both cell migration and axonal guidance in the devel-
oping brain'‘. The Rem protein binds netrin-1 in vitro®. The fact that
netrin-1 is expressed during embryonic and postnatal development
of the rat cerebellum also supports a role for it as an Rcm ligand in
vivo'.

Our results indicate that Rem protein and its ligand are impor-
tant in critical migratory and/or cell proliferation events during
cerebellar development. The rcrm mutations only affect the migra-
tion of a subset of rcm-expressing cells in the developing brain, an

841




letters to nature

Figure 5 Localization of rcm transcript by in situ hybridization of mid-sagittal
sections of normal neonatal mouse brain. Dark-field images of adjacent sections
of PO brain demonstrate the localization of the signal after hybridization with
antisense (a) and the negative control sense (b) strand rcm probes. Bright-field
(c, e) and corresponding dark-field (d, f) micrographs illustrate the expression
pattern of the antisense rcm probe in P7 (¢, d) and P21 (e, f) cerebellum.
Abbreviations: cb, cerebellum; cp, choroid plexus; co, colliculi; cr, cerebral
hemisphere; pn, pontine nuclei; on, olivary nuclei; th, thalamus. Scale bars
represent 1.25mm (a, b) and 0.65 mm (c-f).

observation that implies genetic redundancy as the expression
domains of rem within the cerebellum and other regions of the
developing brain overlap with those of Unc5 h-1and Unc5 h-2, two
other members of the vertebrate UNC-5-like gene family®. O

Methods

Mice. rcm™/rem® animals were derived from a previously described Ucpl
transgenic mouse lineage produced and maintained on a C57BL/6] X SJL/J
background. rcm’/rem’ mice were obtained from the Mouse Mutant Resource
at The Jackson Laboratory. This mutation arose on a C57BL/6] background and
is currently maintained on an F, hybrid B6C3HFe-a/a background.
Histology and immunohistochemistry. For histological examination, 7—10
adult mice were perfused with Bouin’s solution, cerebella were removed and
then postfixed overnight. Neonatal brains (3—4 at each time point) were
immersion-fixed in paraformaldehyde. Slides were examined on a Leica
DMRXE microscope and high-resolution digital images were recorded by a
Kodak Megaplus 1.4 camera.

Sections were incubated overnight at 4 °C with rabbit polyclonal antiserum
against calbindin-D (Swant), diluted 1:1,500. Antibody binding was detected
using biotinylated anti-rabbit IgG biotin conjugate (Sigma) diluted 1:50, and
the ExtrAvidin peroxidase staining kit using DAB as enzyme substrate (Sigma).
Genomic library construction and genetic mapping. The genomic DNA
library was prepared by ligation and packaging of Mbol partially digested spleen
DNA from a homozygous rcm®™ mouse, according to the manufacturer’s
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protocol. Positive clones were identified by hybridization to a 1.8-kb
Pstl/Hindlll fragment of the Ucpl transgene'. P1 clones were isolated from a
129 ES cell library".

5 and 3’ RACE analysis. PCR reactions were done with Marathon RACE-
ready cDNA and KlenTaq Polymerase (Clontech) according to the manufac-
turer’s protocol. Products were ligated into the TA-cloning vector PCR II
(Invitrogen), and sequenced on the ABI 373 Stretch DNA sequencer using
dideoxyterminator chemistry.

Northern blot analysis. Total RNA was prepared from tissues by the
guanidinium isothiocyanate method and poly(A)* RNA was isolated using
oligo(dT) cellulose'®. RNA was electrophoresed through formaldehyde gels and
transferred to nylon filters (Magna, MSI) by standard methods. Membranes
were hybridized and washed as described"”.

In situ hybridization. *P-labelled sense and antisense riboprobes
(10° c.p.m. pl = ") were generated from a plasmid containing 582bp of the
coding region of the RCM cytoplasmic domain or 1.1kb of the Mathl open
reading frame. Sample preparation, hybridization, and post-hybridization
washes were as described except that hybridizations were done at 50 °C and
the initial wash in 50% formamide/2 X SSC was for 2 h at 37 °C*. Slides were
dipped in Kodak NTB 2 emulsion, exposed for 24 h at 4°C, and developed in
Kodak D19. Sections were stained with haematoxylin and photographed as
described.
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