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Summary

The murine limb deformity (Id) locus resides on mouse chromosome 2 and gives rise to a recessively inherited,
characteristic limb deformity/renal aplasia phenotype. In this locus in the mouse, a gene, termed the
“formin” gene, has been identified which encodes an array of differentially processed transcripts in both adult
and embryonic tissues. A set of these transcripts are disrupted in independent mutant mouse Id alleles. We
wish to report the isolation of a human genomic clone which is homologous to the mouse formin gene by
virtue of sequence comparison and expression of conserved exons. Among human fetal tissues analyzed,

the kidney appears to be a major site of expression. This human gene, LD, maps to chromosome 15q11—>qter
in mouse human somatic cell hybrids and, specifically, to 15q13—>q14 by chromosomal in situ hybridization.
This localization establishes both LD and B.-microglobulin as syntenic genes on mouse chromosome 2 and
human chromosome 15 and implies the interspecies conservation of the region between them. In addition,
we identify in the human locus two frequently occurring DNA polymorphisms which can be used to test the

linkage of LD to known human dysmorphoses.

Introduction

The murine limb deformity (/d) locus is a genetic re-
gion defined by several different noncomplementing
mutant alleles which share a characteristic limb defor-
mity and variably penetrant renal aplasia phenotype
(Woychik et al. 1985, 19904; Green 1981; Messing et
al. 1990). The limb deformity is marked by synostoses
and syndactyly of all four limbs. The renal defect is
marked by unilateral or bilateral renal aplasia (Kleine-
brecht et al. 1982; R. L. Maas, unpublished data).
During the course of studies on transgene-induced tu-
morigenesis, a fortuitous transgenic insertion resulted
in the formation of a mutant /d allele, termed “/dH¢”
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(Woychik et al. 1985). To test the hypothesis that the
transgene had disrupted an endogenous gene, adjacent
mouse flanking sequences were cloned and used to
detect RFLPs segregating with the mutant phenotype
in the transgenic and two spontaneous alleles, /d and
1dOR. Several regions close to the transgene insertion
were tentatively identified as exons by virtue of both
similarity to human sequences and the presence of
open reading frames between consensus splice donor
and acceptor sequences.

Using a sensitive RNAse protection assay and sev-
eral of the conserved sequences as probes, we have
identified in the mouse a complex gene which, because
of its presumed role in the formation of limbs and
kidneys, has been assigned the name “formin” gene
(Woychik et al. 1990b). The likely involvement of this
gene product in the limb deformity phenotype stems
from the following observations: it is the only discrete
transcription unit thus far identified at the transgene
insertion site; its expression in early development oc-
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Figure | A, Restriction map of related mouse and human

genomic DNA corresponding to mouse limb deformity locus show-
ing Ecol (R) and HindlIII (H) sites. Also shown are mouse (upper)
and human (lower) genomic fragments used as probes (Bg/lI [B],
Puull [P], and Sau3A [S]). The mouse map was derived from a
lambda phage clone containing a 15-kb BamHI-BamHI fragment
(Woychik et al. 1985). The human map was derived from a lambda
phage clone A3-1 in vector EMBL3. The location of the two con-
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curs at a time associated with appearance of the mu-
tant phenotype; and, finally, disrupted transcripts are
observed in three of the five existing /d mutants (Maas
et al. 1990; T. F. Vogt, personal communication).

The similarity between human and mouse se-
quences creates the opportunity to identify molecular
probes to test for linkage of the homologous human
locus to hereditable human limb and kidney deformi-
ties such as syndactyly and renal aplasia. Despite the
possibility that identical mutations in homologous
genes on human and murine genetic backgrounds
might yield different phenotypes, it has been proposed
that there may be homologous sets of mouse and hu-
man malformation syndromes (Gruenberg 1971; Win-
ter 1988), along with a set of criteria for identifying
homologous genes between different species (Lally and
McKusick 1985).

We now describe sequence and restriction-mapping
data for a human genomic clone, which contains two
major human-mouse homology regions, each con-
taining sequences which are represented as exons in
mRNA. This human gene, to which we have assigned
the locus symbol “LD, is related to the mouse formin
gene by extraordinary sequence similarity both in
these exons and in adjacent flanking regions and is
localized to the long arm of chromosome 15. In addi-
tion we have identified two independent RFLPs which
may prove useful in testing the linkage of human disor-
ders potentially related to mutations in the LD gene.

Material and Methods

Genomic Cloning

A human genomic library prepared in the vector
EMBL3 was a gift from Ed Fritsch. Approximately
800,000 plaques were screened with a 1.5-kb Puull-
Sau3A mouse DNA fragment described elsewhere
(Woychik et al. 1985) and shown in figure 1A. Three
positive clones were identified, carried to plaque puri-
fication, grown in 1-liter cultures, and phage purified
by discontinuous cesium chloride gradient for DNA
preparation (Sambrook et al. 1989).

served exons denoted A and B are shown. B, Dot-matrix comparison
of nucleotide sequence determined from related mouse and human
regions, over 2-kb region, surrounding exon A in panel A. The
comparison was run at a stringency of 14 of 21 bp. Conserved exon
A, consisting of 52 bp, is shown, C, Dot-matrix comparison of
nucleotide sequence determined from related mouse and human
genomic DNA surrounding exon B over 2-kb region. The compari-
son was run at a stringency of 14 of 21 bp. Conserved exon B,
consisting of 150 bp, is shown.
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Restriction Mapping and DNA Sequence Determinations

Subcloning and DNA sequence determinations
were carried out by standard methods using Sanger
dideoxy sequencing in M13 (Sanger et al. 1977) and
by sequencing of denatured double-stranded plasmid
templates (Chen and Seeberg 1985) by using T7 poly-
merase (Sequenase; U.S. Biochemicals).

RNA Isolation and RNAse Protection Assays

Total RNA was isolated from human fetal tissues
obtained in compliance with guidelines established by
the institutional review board at Brigham and Wom-
en’s Hospital, from 20-wk abortuses. Human tumor
tissue was obtained from freshly obtained surgical or
autopsy specimens. RNA was isolated from guanidi-
nium isothiocyanate—cesium chloride gradients and
was quantitated by absorption at 260 nm (Chirgwin
et al. 1979). One RNAse protection probe employed
was a 570-nucleotide (nt) fragment prepared by SP6
transcription of an Xhol-linearized pGEM3 plasmid
containing the 850-bp HindIIl-HindIIl human geno-
mic fragment containing exon B, as shown in figure
1A. A second probe corresponding to exon A was
prepared by subcloning a 510-bp HindIII-EcoRI frag-
ment into pGEM3, linearization with EcoRI, and in
vitro transcription with SP6 polymerase. In both
cases, the probes were labeled using [a-32P]-UTP, 800
Ci/mmol. RNAse protection was performed ac-
cording to a method described elsewhere (Krieg and
Melton 1987), using 50-72 ug of total human fetal
RNA, followed by analysis on a 6% denaturing poly-
acrylamide gel and autoradiography for 12-36 h.

Somatic Cell Hybrid Mapping

DNA was obtained from human-rodent somatic cell
hybrids (Shows et al. 1978, 1982, 1984; Shows 1983)
and was digested with Pyull. This enzyme was chosen
because, in the mouse, EcoRI gave a cross-hybridizing
band of a size very similar to the 6.6-kb band observed
in human genomic DNA. The 0.85-kb human HindIIl-
HindIII fragment (see fig. 1A), devoid of repetitive
sequence, was nick-translated with [a-32P)-dCTP,
3,000 Ci/mmol and was used as a probe in this analy-
sis. Concordance and discordance were tabulated in
standard fashion.

Chromosomal In Situ Hybridization

The chromosomal location of the human homo-
logue of the mouse /d gene was determined using a

[*H]-dCTP, -dATP, and -dTTP random hexamer-

labeled probe prepared from the same 0.85-kb
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Hindlll-HindIIl fragment used in the somatic cell
hybrid-mapping experiments. Metaphase chromo-
some spreads were prepared from BrdUrd-synchron-
ized lymphocyte cultures. In situ hybridization was
carried out according to methods described elsewhere
(Zabel et al. 1983; Nakai et al. 1986). Grains were
counted from a random selection of 100-well banded
metaphase spreads with no more than five background
grains per spread.

RFLP Analyses

DNA isolated from six different unrelated individu-
als was digested with restriction enzymes, electropho-
resed, transferred to nitrocellulose, and probed with
the 0.85-kb HindIII-HindIII fragment. The enzymes
tested are given in Results. Additional DNA samples
were tested and analyzed as described in Results.

Results

Isolation and Characterization of Human Genomic Clone

A 1.7-kb Pvull-Sau3 A mouse genomic fragment de-
rived from the region flanking the /d"'¢ transgene inser-
tion site (see fig. 1A; also see Woychik et al. 1985)
was observed to hybridize to a single human EcoRI
genomic DNA fragment under conditions of moderate
stringency (55°C, 0.2 x SSC,0.1% SDS). This mouse
probe was subsequently used to screen a human geno-
mic lambda phage library, and three clones were
plaque purified and restriction mapped. Two of these,
which were identical, gave the restriction map shown
in figure 1A. A third clone, containing an apparent
rearrangement, was not characterized further.

A second human genomic region (denoted “exon A”
in fig. 1A) wasidentified by Southern blotting analyses
at moderate stringency by using a 1.7-kb mouse
EcoRI-Bglll fragment to probe human EcoRI-digested
genomic DNA. This blot revealed two small cross-
hybridizing EcoRI fragments of 1.1 and 0.8 kb. This
region was also found to reside on the same phage
clone as that identified with the 1.7-kb mouse Pvull-
Sau3A fragment. The nucleotide sequence of the
mouse EcoRI-Bg/ll fragment, along with a small
amount of sequence on both sides of these restriction
sites, was determined and compared with 2.2-kb of
cross-hybridizing human sequence which was ana-
lyzed as a series of EcoRI-HindIIl M13 and pGEM
clones. ‘This sequence comparison, shown in dot-
matrix form in figure 1B, reveals these two main re-
gions of homology. One of these regions, denoted
“exon A” in figure 1B, showed a 52-bp ORF bounded
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by canonical splice-acceptor and splice-donor se-
quences (Mount 1982) which is conserved at 51 of 52
nucleotides and at all deduced amino acid positions
in sequences from both species. (These sequences are
available from GenBank, under accession numbers
listed in Acknowledgments.)

The region noted to cross-hybridize initially, de-
fined by the mouse 1.7-kb Puvull-Sav3A fragment
which hybridized with 6-kb EcoRI and 0.85-kb
HindIll human fragments, was also analyzed. The nu-
cleotide sequence of approximately 1.8 kb of the hu-
man genomic clone was determined in this region and
was compared with the mouse sequence, and three
main regions of extensive homology were noted, as
shown in dot-matrix form in figure 1C. One of these
regions, denoted “exon B” in figure 1A and C, demon-
strated a conserved 150-bp ORF bounded by splice-
acceptor and splice-donor sequences. Both putative
exons A and B predict a transcription unit oriented in
the same direction in the genome. Strand-specific RNA
probes to these mouse sequences, prepared using SP6
polymerase, were found to detect a large differentially
processed family of transcripts in various murine tis-
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sues (Woychik et al. 1990b). Further analysis has re-
vealed that the sequences denoted “exon A” and “exon
B” are in fact adjacent exons in this transcription unit,
which encodes a group of deduced formin proteins.
Accordingly, we undertook to determine whether an
analogous pattern of expression could be identified for
the similar human sequences.

Expression of Human Exonic Sequences

RNA was obtained from a variety of human fetal
tissues, and 50 pg from each tissue was analyzed by an
RNAse protection assay using a strand-specific probe
encompassing putative exon B. The expected size of
the protected fragment should be 150 bp, as predicted
by comparison of the mouse and human sequences. Of
note, expression of transcripts containing the 150-bp
exon is seen in a wide variety of human fetal tissues,
as previously observed for the mouse gene in adult
and embryonic mouse tissues. Particularly abundant
expression was observed in human fetal kidney and
lung (fig. 2A). It is interesting that, when 50 ug of
RNA from several human tumor samples was ana-
lyzed (fig. 2A), abundant expression was noted in a

2 3 4 5

RNAse protection experiment employing human fetal RNA and SP6 transcribed probe derived from human exon B. The

predicted 150-nt protected fragment is observed. Samples (50-pg) of a variety of tissue RNAs (lettered lanes) and five different tumor-sample
RNAs (lanes 1-5) were analyzed. A tRNA control (not shown) was blank. Lu = lung; P = placenta; I = small intestine; S = spleen; K
= kidney; To = tongue; A = adrenal; M = muscle; H = heart; Li = Liver; Th = Thymus; Ly = lymph node; 1 = renal cell carcinoma;
2 = hepatoma; 3 = Burkitt cell lymphoma; 4 = small-cell carcinoma of lung; 5 = lung carcinoma.
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Segregation of DNA Probe for Human Limb Deformity with Human Chromosomes in Pvull-digested Human-Mouse Cell Hybrid DNA
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Notk. — Table is compiled from 36 cell hybrids involving 14 unrelated human cell lines and four mouse cell lines. The hybrids were characterized by karyotypic analysis and by mapped enzyme

markers. The DNA probe for the human limb deformity was hybridized to Southern blots containing Pvull-digested DNA from the human-mouse hybrids. Scoring for the probe was determined

(+) or absence ( — ) of a human band in the hybrids on the blots. The scoring was compared with the presence or absence of human chromosomes in each hybrid. A 0% discordancy

by the presence

b deformity mapped

indicates a matched segregation of the probe with a chromosome and is the basis for chromosome assignment from the given hybrid panel. The DNA probe for human lim

to human chromosome 15 by somatic cell hybrids. The hybrids DUA-1A and DUA-1CSAZB with the der(X) and der(15) tranlocations — Xter>Xp11::15q11—>15qter and 15pter>15q11::

Xp11—>Xpter, respectively— further localize this gene to the q11—>qter region of human chromosome 15 (see fig. 3).
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renal cell carcinoma and in small-cell and non-small
cell carcinomas of the lung but not in a hepatoma or
Burkitt lymphoma. These results are consistent with
the observation that both kidney and lung are major
sites of expression among normal tissues.

The expression data noted above were confirmed
using the smaller of the two putative human exons
(i.e., exon A, a 52-bp sequence), with human fetal
kidney being the major site of expression. These re-
sults indicate that the human sequences A and B are
in fact exons of an expressed human gene related to
the mouse formin gene. Since, on the basis of high- and
low-stringency Southern analyses (data not shown),
these sequences appear to be single or low copy num-
ber in the human genome, we conclude that the mouse
and human sequences are likely to be homologous.

Human-Rodent Somatic Cell Hybrid Mapping

To determine the chromosomal location of the hu-
man locus, the 0.85-kb human HindllI-HindlIII frag-
ment (see fig. 1A) was used as a probe to detect human
DNA fragments on a mouse-human somatic cell panel
(table 1). This analysis shows concordance only with
human chromosome 15. Of further note, two deletion
derivatives of human chromosome 15 which contain
only the short or long arm were included in the analy-
sis. The results obtained with these lines (fig. 3) further
localize the human locus to 15q11—>qter and exclude
15pter—>qll.

Chromosomal In Situ Hybridization

To further define the assignment of the cloned hu-
man sequences, in situ hybridization of the 0.85-kb
human HindIll-HindIll fragment to human meta-
phase chromosomes was performed. This analysis
showed that the human fragment hybridized primarily
to the long arm of human chromosome 15 and specifi-
cally to the q13—>q14 region. Of 100 metaphases ana-
lyzed and 154 grains counted, 20 grains (13% ) localized
tothe 15q13—~>ql4region, with 14 grains over q14 and
six over q13 (fig. 4B). Thus, the human homologue of
the mouse formin gene resides at 15q13—>q14.

RFLP Analysis

To determine whether the isolated human probes
identified any RFLPs in the human genome, the 0.85-
kb HindIll-HindIIl probe was tested against human
genomic DNAs isolated from six unrelated individu-
als. RFLPs were identified with the enzymes Accl and
Hincll (fig. 5). The following enzymes failed to yield
polymorphisms: Awvall, BamH]I, Banl, Bglll, Ddel,
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Figure 3 Human-rodent somatic cell mapping panel, with
deletion derivatives of human chromosome 15 and 0.85-kb
HindllI-HindIll fragment shown in fig. 1A used as probe against
Pvull-digested DNAs. The hybridizing Pvull fragment at about 15
kb, present in all samples except for human DNA, corresponds to
the cross-hybridizing mouse sequence; the hybridizing Pvull frag-
ment at 9 kb is the human sequence.

EcoRl, EcoRV, Hindlll, Hinfl, Mspl, Rsal, Pstl,
Pvull, Sspl, Taql, and Xbal. Two allele systems were
identified for each of the polymorphisms, with 11-kb
(allele A) and 6.5-kb (allele B) Accl fragments and
9.5-kb (allele C) and 8.0-kb (allele D) Hincll frag-
ments. To define further the frequency of these alleles
in the population, 21 additional DNAs were digested
with Accl and 24 additional DNAs were digested with
Hincll. Allele frequencies from this analysis are sum-
marized in table 2. The observed heterozygosities (de-
termined as number of heterozygotes per total number
of observations) are .52 for the Accl polymorphism
and .60 for the Hincll polymorphism. Calculated
from the product of the individual allele frequencies,

Maas et al.

15

In situ hybridization results showing distribution
of grains hybridizing to human chromosome 15 and localization to
15q13—ql4.

Figure 4

the expected haplotype frequencies are as follows: AC,
.44; AD, .26; BC, .19; and BD, .11. This compares
with the observed frequencies—AC, .63; AD, .23;
BC, .13; and BD, .00 ([%> = 6.56] when individuals
of ABCD genotype who are haplotype uninformative
are not considered). Since recalculation of the ex-
pected haplotype frequencies after exclusion of the
doubly heterozygous ABCD individuals yields much
closer agreement with the observed haplotype fre-
quencies, and because some of the individuals used in
this analysis were related to one another, no conclu-
sions about linkage equilibrium or disequilibrium are
possible.

The Mendelian segregation of these independent
polymorphisms recognized with the same molecular
probe was demonstrated in an additional experiment,
using DNAs isolated from two families. These results,
shown for one family’s DNA digested with each en-
zyme (fig. 5), confirm the codominant inheritance of
both Accl and both Hincll alleles.

Discussion

One reason to report on the mapping of the human
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pedigree of human DNAs digested with enzymes Accl (A) and Hincll
(B), probed with 0.85-kb HindIII-HindIII fragment described in
text. Enzymes tested and not found to yield polymorphisms are
described in Results. The approximate sizes of the hybridizing frag-
ments are shown in kilobases (kb).

LD locus at the present time is that the /d locus, at
least in the mouse, is exceedingly complex, making a
comprehensive characterization of the gene difficult.
The murine gene residing at this locus is estimated to
span more than 100 kb, with evidence for numerous
modes of differential processing, resulting in a large
family of different transcripts (Woychik et al. 1990b;
L. Jackson-Grusby, personal communication). On the
basis of the similarity between mouse and human ex-
ons A and B at the sequence level and at the level of
RNase protection, it seems likely that the human locus
will be similarly complex. We wished therefore to map
and characterize our initial human clone such that it
might be available for studying linkage to any poten-
tially relevant human genetic disorders. From this
striking exon-structure similarity between the mouse
and human genes, albeit limited to two exons, we
conclude that we have correctly identified the homolo-
gous human locus. In addition, Southern-blotting re-
sults with the probes described here indicate that these
are single-copy sequences in the human genome.
Thus, the possibility that we have identified a related
but nonorthologous gene in the human genome seems
unlikely.

The mapping of the human LD locus to chromo-
some 15q13—>q14 is noteworthy in that it, as well as
B2-microglobulin, sorbitol dehydrogenase, and car-
diac a-actin, are syntenic in the mouse and human
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Table 2
Allele Frequencies for Two-Allele RFLPs at
Human LD Locus
FREQUENCY FOR
Accll Hincll
(n=27) (n=30)
A B C D
.70 .30 .63 .37

NoOTE.—A allele—11.0-kb Accl fragment; B allele—6.5-kb Accl
fragment; C allele—9.5-kb Hincll fragment; D allele—8.0-kb Hin-
cIl fragment. Heterozygosities: Acc I, .52; Hincll, .60. The indi-
cated number of genomic DNA samples were digested with the
restriction enzyme indicated and were analyzed by Southern blot-
ting. The probe used was the 0.85-kb HindIII-HindIIl human geno-
mic fragment described in Material and Methods and indicated in
fig. 1A. The frequency of the indicated alleles was counted and
tabulated; no other patterns of hybridizing fragments were ob-
served.

genomes (Cox and Donlon 1989). It will be of interest
to determine whether gene order and linkage distances
as determined in the mouse will apply to correspond-
ing human genes. On the other hand, several other
mouse loci linked to /d on mouse chromosome 2—
e.g., catalase—have been mapped to human chromo-
some 11. These results are not inconsistent, because
the order of the loci in the mouse has been determined
by recombinant inbred crosses (Glaser et al. 1990) and
because the mouse /d locus maps between B,-microglo-
bulin and catalase. It thus appears that, during mam-
malian evolution, genes present on mouse chromo-
some 2 have been split between human chromosomes
11 and 15, with the presumptive division point oc-
curring between the murine catalase and /d loci. Con-
versely, human chromosome 15 also contains genes
whose corresponding mouse loci are on chromosomes
7 and 9.

Although, given the involvement of the kidney in
the /d phenotype, the finding that the human fetal
kidney is a major site of expression of the human LD
locus is an appealing one, this may not necessarily
explain the renal aplasia phenotype. Previously, Zeller
etal. (1989) observed a fivefold regional enhancement
of expression of the murine /d gene in limb bud ecto-
derm (AER) relative to mesoderm and suggested a
model whereby, in the mutant, larger decremental ex-
pression in ectoderm relative to mesoderm correlated
with a morphometrically demonstrable reduction in
amount of AER. The observation of abundant expres-
sion in the the 20-wk-gestation human fetal kidney,
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however, cannot be interpreted in analogous fashion.
First, human renal development at the 20-wk stage
(second trimester) is nearly complete in all important
respects, especially morphologically. In the /d/ld mouse
and in the chick embryo, renal agenesis can be linked
to a deficiency in the proper outgrowth of the ureteric
bud and not to a deficiency in metanephric mesen-
chyme which comprises the renal anlage. Moreover,
the morphologic abnormality in the ureteric bud can
be observed at day 11 of mouse embryogenesis, a stage
before subsequent tubular differentiation has begun
(R. L. Maas, unpublished data). Thus it would be of
interest to investigate expression of LD transcripts in
the ureteric bud at earlier stages (i.e., prior to 30 d)
of human embryonic development.

The identification of two RFLPs by a probe associ-
ated with the putative human LD locus should permit
the linkage testing of several human limb and/ or renal
dysmorphoses. Of note, there are several unmapped,
presumably recessive human syndromes which share
deformities of the appendicular skeleton and kidneys,
including variants of Cenani-Lenz syndactyly (Pfeiffer
and Meisel-Stosiek 1982), polysyndactyly-double py-
eloureteral system syndrome (Conde et al. 1978),
and cryptopthalmos-syndactyly (Lurie and Cherstvoy
1984). In addition, unilateral renal agenesis is esti-
mated to be one of the most common congenital mal-
formations, occurring in approximately 1/1,000 indi-
viduals, and familial inheritance of this condition has
been reported (Emanuel et al. 1974). On the other
hand, none of these human syndromes conforms
closely to the phenotype observed in the mouse /d/ld
mutants, and, moreover, it is likely that unilateral re-
nal agenesis has several different etiologies. In particu-
lar, any factor, either genetic or environmental, which
alters the growth of the ureteric bud has the potential
to result in a failure of renal growth. Nonetheless, it
will be important to complete the characterization of
the human locus and to establish its role, if any, in
human embryonic development.
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