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signal that induces the migration of myogenic precursor cells
and could possibly play an additional role as a chemo-attractant
for migrating cells, that is, direct them to the target.

The c-met receptor tyrosine kinase was first identified because
of its oncogenic potential when mutated®. The specific ligand
that binds to c-met and regulates the tyrosine kinase activity of
the receptor is SF/HGF. The first activities described for this
factor were the induction of motility of epithelial Madin Darby
canine kidney cells® 7 (scatter factor) and induction of growth
of primary hepatocytes® (hepatocyte growth factor). In vitro,
SF/HGF also induces invasion and migration in extracellular
matrix”', a process reminiscent of cell migration in vivo. Other
responses to SF/HGF include tubular morphogenesis® and not

only epithelial, but also endothelial and haematopoietic cells
have been reported to respond to the factor’>**. Our genetic
studies demonstrate a complex role for c-met in the control of
growth, survival and migration of distinct embryonal cells. Pro-
cesses that depend on SF/HGF and c-met require signal
exchange between different cellular compartments that are loca-
ted in close vicinity. The high affinity of SF/HGF for heparin,
which is present on cell surfaces and extracellular matrix, might
limit the diffusion and thus allow local actions of the factor
only. The indistinguishable phenotypes we observe in mice with
targeted mutations in SF/HGF or c-met also demonstrate that
maternal SF/HGF can not diffuse and compensate for locally
produced, embryonal factor, not even in the placenta. U
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GROWTH is one of the fundamental aspects in the development of
an organism. Classical genetic studies have isolated four viable,
spontaneous mouse mutants' disrupted in growth, leading to
dwarfism. Pygmy is unique among these mutants because its
phenotype cannot be explained by aberrations in the growth
hormone—insulin-like growth factor endocrine pathway”~. Here we
show that the pygmy phenotype arises from the inactivation of
Hmgi-c (vef. 6), a member of the Hmgi family’ which function as
architectural factors in the nuclear scaffold® and are critical in the
assembly of stereospecific transcriptional complexes’. Hmgi-c and
another Hmygi family member, Hmgi(y) (ref. 10), were found to
be expressed predominantly during embryogenesis. The HMGI
proteins are known to be regulated by cell cycle-dependent phos-
phorylation which alters their DNA binding affinity''. These
results demonstrate the important role of HMGI proteins in mam-
malian growth and development.

The first step in the molecular definition of the pygmy muta-
tion was made possible by the isolation of a transgenic inser-
tional mouse mutant at the locus, pg#V**<" (ref. 12). A 0.5-kb
Apal-Apal single-copy genomic sequence 2 kb from the site of
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transgene insertion was identified'” and used to initiate a bi-
directional chromosome walk on normal mouse genomic DNA.
The analysis of seven overlapping clones spanning 91 kb deline-
ated a 56-kb common deletion between two informative mut-
ants, pg and pg"*"V***“" (Fig. la).

The common area of disruption was investigated further for
candidate transcription units. The technique of exon
amplification'® was used to identify putative exons, and clones
803 and 5B, in the same orientation, produced spliced products
(Fig. 1b). Their sequence was determined'*, and a comparison
with DNA sequence databases (GenBank and EMBL) revealed
100% homology to a previously identified gene, Hmgi-c (ref. 6)
(Fig. 1¢). Hmgi-c belongs to the Hmgi family of the general class
of HMG (high mobility group) DNA-binding proteins’. The
HMGI proteins have been assigned multiple functions® and have
been shown to be important in the regulation of gene expression
as architectural factors by inducing DNA conformational
changes in the formation of the three-dimensional transcription
complex'>'¢,

The genomic structure of Hmgi-c revealed that it contains five
exons and spans a region of approximately 110 kb (Fig. 1d).
Single-copy sequences from the 190-kb cloned pygmy locus, sur-
rounding and including the Hmgi-c gene (Fig. 1d), were used as
probes on Southern blots containing DNA isolated from the two
informative alleles'”. The genomic area encompassing Hmgi-c is
completely deleted in the transgenic insertional mutant

g TEN04Chae (A /) whereas in the spontaneous mutant pg the
5" sequences and the first two exons are absent (Fig. 1d).

Previous studies'’ had established that the pygmy phenotype
could be observed at birth. Therefore, RNA from wild-type
mouse embryos was isolated'®, and northern blot analysis
revealed a transcript of 4.1 kb (Fig. 2). As expected from the
genomic analysis, no detectable Hmgi-c expression was observed
in the spontaneous and transgenic insertional mouse mutants.
A third allele also exists at the pygmy locus', In(10)17Rk,
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which carries an inversion of chromosome 10, and the distal
breakpoint is within intron 3 of the Hmgi-c gene (data not
shown). No Hmgi-c expression was detected in homozygous
embryonic In(10)17 Rk RNA (Fig. 2). Quantification by phos-
phorimager analysis showed that heterozygous mice expressed
Hmgi-c at approximately 50% of wild-type levels. Therefore
the wild-type allele in the heterozygous mice does not increase

Pg/Pg

10 kb

C HiV-tat

1 TCTATCAAAGCAGAGCCAACCTGTGAGCCCTCTCCTAAGAGACCCAGAGGAAGACCCAAA

PEEEEEEEEE TR e e e e e e e e e e e
AAGCAGCAGCAAGAGCCAACCTGTGAGCCCTCTCCTAAGAGACCCAGAGGAAGACCCAAA

61 GGCAGCAAAAACAAGAGCCCCTCTAAAGCAGCCCAGAAGAAAGCAGAGACCATTGGAGAA

FECELTEEEEE PR e e e e e e b e e e e e
GGCAGCAAAAACAAGAGCCCCTCTAAAGCAGCCCAGAAGAAAGCAGAGACCATTGGAGAA

HIV-tat

[—>

121 AAACGGCCAAGAGGCAGACCTAGGAAATGGACCCACCTCCCA 803

FEVVEREREEE L T i

AAACGGCCAAGAGGCAGACCTAGGAAATGGCCACAACAAGTC Mouse Hmgi-c

FIG. 1 Identification and genomic characterization of the Hmgi-c gene
at the pygmy locus in normal and mutant aileles. a, Delineation of
the overlapping deleted genomic regions at the pygmy locus in the
spontaneous and transgenic insertional mouse mutants. The open box
above clone 3 positions the 0.5-kb Apal-Apal fragment, and the filled
boxes represent single copy sequences used as probes to analyse
genomic DNA isolated from mice of varying genotypes™2. Solid and
broken lines represent presence or absence of genomic sequences,
respectively, in the transgenic insertional mouse mutant pg’&¥4¢ (A)
and the spontaneous mutant pygmy (pg). b, Exon amplification from
lambda clones 803 and 5B. The primary polymerase chain reaction
(PCR) exon amplification products in both sense (+) and antisense (—)
orientations from the lambda clones shown in a were analysed on a
5% polyacrylamide gel*®. The 379-bp PCR product observed in the con-
trol pSPL1 lane results from splicing between the HIV tat and S-globin
vector sequences™®. ¢, Sequence of exons amplified from clone 803
and comparison with the Hmgi-c gene. d, A series of overlapping phage
clones extending approximately 190 kb at the pygmy locus. The discon-
tinuous region represents an unclonable 11-kb fragment, as estimated
from Southern blots of cleaved genomic DNA probed with single copy
sequences from the end of the clonabie region. The position and num-
ber of the Hmgi-c exons (not drawn to scale) are shown above the
wild-type locus. Single copy sequences were isolated at the indicated
positions and are represented by filled boxes below the wild-type locus.
Thick bars and blank regions represent the genomic sequences that
are present or deleted in the two alleles.

METHODS. The 0.5-kb Apal-Apal fragment® was used as a probe to
isolate clones 3 and 4 from an EMBL3 mouse genomic library (a gift
from E. Lacy) and a YAC (902C0711) from a mouse YAC library®*. YAC
902C0711 was further subcloned into lambda FIX Il (ref. 14), and 86
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its expression levels to compensate for the loss of the deleted
allele. This is consistent with the pygmy mutation being semi-
dominant because there is a mild phenotypic effect on heteroz-
ygous mice (80% of the weight of wild-type mice)'.
Furthermore, Hmgi(y), the only other known member of the
Hmgi gene family’, retained the same levels of expression in
the mutant and wild-type mice (Fig. 2). Thus there is no
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clones that hybridized to radioactively labelled mouse genomic DNA
were picked and transferred to new plates in a grid array**. Lambda
clones 802, 906, 5B, 803 and 308 were isolated after the walk was
initiated with the 0.5-kb Apal-Apal fragment and accomplished by
repeated hybridization to filters of the array. Overlaps between the con-
tiguity clones and collinearity with the genome were confirmed by a
combination of clone to clone and clone to genomic hybridizations and
with restriction mapping. Exon amplification was done (Exon Trapping
System, Gibco BRL) after the genomic inserts from the lambda clones
were removed by cleavage with Sall, partly filled in** and subcloned
into a partly filled-in BamH1 cleaved pSPL1 plasmid®®. The DNA was
electroporated into COS-7 cells at 180 V and 960 pF in a Bio-Rad Gene
Pulser. Cytoplasmic RNA was isolated after 2-3 days and RT-PCR per-
formed using primers supplied by the manufacturer. The secondary PCR
amplification products®® from clones 803 and 5B were subcloned into
the plasmid vector, pAMP10 (Exon Trapping System, Gibco BRL) and
sequenced using the Sequenase Version 2.0 sequencing kit (USB)**. A
344-bp fragment corresponding to the complete open reading frame of
the Hmgi-c gene® was amplified from 12.5 d.p.c. mouse embryos (see
text) using RT-PCR. Lambda clones containing the Hmgi-c exons were
then isolated by hybridization of the 344-bp radioactively labelled frag-
ment to the grid array of lambda clones and subsequently connected
through chromosome walking. The RT— PCR conditions for isolation of
the 344-bp fragment consisted of first strand cDNA synthesis with
primer 1 (5-ATGAATTCCTAATCCTCCTCTGC-3’), followed by PCR ampli-
fication with primers 1 and 2 (5-ATGGATCCATGACGCACGCGGT-3'). PCR
conditions were 94 °C for 0.5 min, 55 °C for 0.5 min and 72 °C for
1 min, for 30 cycles. The amplified product was confirmed by sequenc-
ing analysis**.
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FIG. 2 Hmgi-c gene expression of three alleles at the mouse pygmy
locus. The wild-type allele is represented by +, the transgenic allele
pg'EN4™cha by A the spontaneous mutant allele by pg, and an allele at
the pygmy locus which involves a paracentric inversion on chromosome
10 (In(10)17Rk) by Rk.

METHODS. The genotypes were established for mice in line A and the
spontaneous mutant pg as previously described*?, and mice containing
the In(10)17Rk inversion were detected by a PCR-based restriction
fragment length polymorphism (L. Cherath, K.F.B. and K.C., in prepara-
tion). RNA was isolated from 12.5 d.p.c. embryos, and equal amounts
(5 ug) were analysed by northern blot hybridization'“. The probes were
a 138-bp nucleotide cDNA fragment encompassing exons 2 and 3 of
the Hmgi-c gene, and a 340-bp cDNA fragment containing the complete
coding sequence of the Hmgi(y) gene'®. The blot was subsequently
hybridized to a oligonucleotide complementary to murine 28S ribosomal
RNA2? to ensure that equal amounts of RNA were present in each lane,
and the results are shown in the lower panel.

compensation by Hmgi(y) for the lack of Hmgi-c expression
in pygmy mice.

The mutant alleles described above arise from major disrup-
tions of genomic DNA which result in large deletions or a chro-
mosomal inversion. To exclude the possibility that a gene other
than Hmgi-c may be responsible for the pygmy phenotype, a
mouse null mutant of Hmgi-c was produced by targeted disrup-
tion. Mouse embryonic stem (ES) cells were generated that had
3.0 kb of the Hmgi-c gene, encompassing exons 1 and 2, replaced
with a neomycin-resistance gene (Fig. 3a). Matings between mice
heterozygous for the mutated allele produced mice homozygous
for the disrupted allele (Fig. 3b) at the expected mendelian
frequency of approximately 25% (13 of 51). Immunoblot ana-
lysis demonstrated an absence of HMGI-C in protein extracts
from homozygous embryos (Fig. 3c). Homozygous Hmgi-c~/~
mice revealed the classical features of the pygmy phenotype,
including reduced birth weight, craniofacial defects (shortened
head), and an adult body weight of approximately 40%
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(39.8 +£2.9) of that of wild-type littermates'®. It can therefore be
concluded that absence of Hmgi-c expression in mice results in
the pygmy phenotype.

A restricted number of adult tissues had previously been
analysed®, and it was established that the endogenous expression
of Hmgi-c could not be detected. Hence, many more tissues
were examined to investigate the temporal and tissue-specific
expression pattern of Hmgi-c. Within the sensitivity of northern
blot analysis, Hmgi-c expression was not detected in 18 adult
tissues (data not shown). However, expression of Hmgi-c was
observed during mouse embryogenesis (Fig. 44) as early as 10.5
days post-coitum (d.p.c.), but essentially disappeared by
15.5 d.p.c. Remarkably, the other family member, Hmgi (y),
showed a similar endogenous expression pattern (Fig. 44) with
expression readily observed in 10.5-16.5 d.p.c. mouse embryos.
The predominant expression of Hmgi-c and Hmgi(y) during
embryogenesis suggests this architectural factor family functions
mainly in mammalian development.

FIG. 3 Targeted disruption of the Hmgi-c gene. a, Targeting strategy.
Endogenous Hmgi-c gene (top), targeting vector (middle) and predicted
mutant gene (bottom). The targeting vector was created by replacing
the 3-kb DNA fragment containing exonl (E1) and exon2 (E2) with a
PGK-neo cassette. The vector also includes a MC1-tk cassette at the
5" end of the long homologous segment. B, BamHl; Probe, a 4-kb Hincll
fragment used to identify the disrupted allele. b, Southern blot analysis
of mice from a heterozygous cross. DNA from tails of the mice was
digested with BamHI and hybridized to the external probe (see a). The
positions of the bands corresponding to the wild-type allele (10.5 kb)
and the mutant allele (9.3 kb) are indicated. ¢, Western blot analysis
of wild-type (+/+), heterozygous (+/—) and homozygous (—/—)
12.5 d.p.c. embryos with anti-GST-HMGI-C rabbit IgG.

METHODS. Genomic clones of the mouse Hmgi-c gene were isolated
from the mouse pygmy locus as in Fig. 1. Linearized vector (10 pg) was
electroporated into AB1 ES cells at 280V, 500 pF, and homologous
recombination events enriched for by selection with G418 (350 ug ml™")
and 2 uM gangcyclovir (Syntex) on SNL76/7 feeder cells. Six targeted
clones were obtained, and three were injected into C57BL/6J blasto-
cysts to generate chimaeras. Chimaeric males were mated to C57BL/
6J females, and heterozygous offspring intercrossed to produce subse-
quent generations. Southern blot analysis of the progeny from hetero-
zygous crosses was performed as described**. Proteins were extracted
from 12.5-d.p.c. mouse embryos from a heterozygous cross with lysis
buffer containing 50 mM Tris-HCI (pH 7.5), 10% glycerol, 5 mM magne-
sium acetate, 0.2 mM EDTA, 1.0 mM PMSF and 1% SDS. Each sample
(10 pg) was separated by 15% SDS-PAGE, transferred to a nylon mem-
brane (Duralon, Stratagene), and HMGI-C was detected using rabbit IgG
anti-mouse GST-HMGI-C, HRP-conjugated goat anti-rabbit IgG, and ECL
substrate (Amersham).
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FIG. 4 Expression of Hmgi-c in development and growth.
A, Temporal expression pattern of Hmgi-c and Hmgi (y)
determined by northern blot analysis of RNA (5 pg) isolated
from the head (H) and body (B) of mouse embryos whose
ages (d.p.c.) are indicated. No expression of Hmgi-c was
detected in placenta at any of these stages (data not
shown). The probes are as in Fig. 2. B, Spatial localization
of Hmgi-c transcripts in 11.5-d.p.c. mouse embryos. Photo-
micrographs of 8-um, adjacent, parasagittal sections
through 11.5-d.p.c. mouse embryos hybridized with the
antisense (a) or sense (b) strand of exon 2 and 3 of Hmgi-c,
or stained histochemically with haematoxylin and eosin (c).
G, gut mesenchyme; H, heart; L, Liver; Lb, limb bud; M,
mandible; N, median nasal process; NE, neural epithelium;
0, otocyst. Magnification, x15. C, Growth of wild-type and
pygmy embryonic fibroblasts. Fibroblasts derived from 13.5-d.p.c.
embryos were seeded at a concentration of 1.7 x 103 cells per cm? in
DMEM containing 10% fetal bovine serum. Cell number (ordinate) was
determined on day 4. Small bars represent standard deviations of tripl-
icate experiments; P<0.001. The genotypes of embryos were deter-
mined as previously described*?.

The analysis of Hmgi-c expression was further extended by its
localization in the normal developing mouse embryo. Expression
was observed in most tissues and organs during embryogenesis,
as exemplified by the 11.5-d.p.c. mouse embryo shown in Fig.
4B. Noticeably, Hmgi-c expression was not seen in the
embryonic brain except in a small, localized region of the fore-
brain (Fig. 4B). This expression pattern coincides with previous
studies which demonstrated that most tissues in pygmy mice
were 40-50% smaller than wild-type tissues, the only tissue of
normal size being the brain'®.

To investigate the role of Hmgi-c in cell growth, embryonic
fibroblasts were cultured from homozygous and wild-type
embryos. The number of pg/pg embryonic fibroblasts was four-
fold less than wildtype fibroblasts after four days in vitro (Fig.
4C), and was not due to cell death. These results, along with
those from other systems®™?', are consistent with Hmgi-c being
involved in cell proliferation and suggest that Hmgi-c functions
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METHODS. For in situ hybridization, CBA/J embryos (11.5 d.p.c.) were
fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin.
Paraffin sections were deparaffinized and hybridized with sense and
antisense riboprobes corresponding to exons 2 and 3 of Hmgi-c as
previously described?®. Sections were stained with haematoxylin and
eosin according to standard procedures.

in a cell-autonomous manner. Furthermore, absence of Hmgi-c
expression in the pygmy mutant would then lead to a decrease
in cell proliferation and result in the reduced size of all the tissues
except for the brain.

Our results demonstrate that the absence of Hmgi-c¢ causes
growth retardation in pygmy mice. Although the precise molecu-
lar mechanism is not yet known, the function of HMGI proteins
in cell proliferation could be regulated during the cell cycle
through alteration of their DNA binding ability throu%h
phosphorylation by the cell cycle-dependent p34°“Z kinase"
Inactivation of the Hmgi-c gene would perturb the cell cycle
in the developing embryo, and the resulting disruption of
growth would produce the pygmy phenotype. The identification
of the pygmy gene as Hmgi-c provides an insight into the control
of mammalian growth and development, and aids the investiga-
tion of the biochemical nature of the African pygmy phenotype*
and a multitude of growth hormone-resistant human dwarf
syndromes'®. O
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