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Abstract The Drosophila regulatory protein Rhomboid has
been demonstrated genetically to facilitate signalling within the
Spitz/epidermal growth factor receptor/mitogen-activated pro-
tein kinase pathway. Using a polymerase chain reaction (PCR)-
based strategy, we have cloned a human cDNA which encodes a
protein that has high sequence similarity to Rhomboid. The
encoded protein, termed rhomboid-related protein (RRP), is
predicted to contain seven transmembrane domains. Northern
analysis indicates that RRP mRNA is expressed at highest levels
in brain and kidney.
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1. Introduction

The Drosophila epidermal growth factor (EGF) receptor,
DER, serves many functions during development (see [1]).
The major agonist for DER during embryonic and larval
development is Spitz (see [2]). Spitz is a member of the
EGF/transforming growth factor-K family [3] and, in common
with most other EGF-related proteins characterized to date, is
synthesised as a transmembrane precursor protein [3]. Proc-
essing of the Spitz precursor to release it from the plasma
membrane is obligatory for it to function as a DER agonist
[4]. The product of a second gene, rhomboid, has been genet-
ically linked to Spitz processing [4], although this has yet to be
con¢rmed biochemically, and other functions have been pro-
posed (see below). Rhomboid was ¢rst cloned in 1990 [5] and
codes for a 355 amino-acid protein with six or seven putative
transmembrane domains. There are no other identi¢able do-
mains that give clues to its function.

DNA sequences related to rhomboid have been identi¢ed as
part of the Caenorhabditis elegans genome sequencing project
(see [2]), suggesting that Rhomboid function may be evolutio-
narily conserved. However, to our knowledge, there are no
reports of a mammalian rhomboid gene. Since the key compo-
nents of the EGF receptor signalling pathway are conserved
between Drosophila and mammals (see [6]), it seems probable
that such a homologue will exist. Here we report the cloning

and analysis of the distribution of expression of a potential
mammalian Rhomboid homologue, which we have named
rhomboid-related protein (RRP). A detailed characterisation
of RRP, in association with the studies of Rhomboid function
in Drosophila, may provide important insights into novel
mechanisms for the regulation of EGF receptor signalling.

2. Materials and methods

2.1. Materials
Marathon cDNA and a human multiple tissue Northern blot (both

Clontech products) were purchased from Cambridge Bioscience
(Cambridge, UK). Taq DNA polymerase was purchased from Boehr-
inger Mannheim (Lewes, East Sussex, UK). Cloned Pfu DNA polym-
erase, TaqPlus Precision PCR system, and pCR-Script Amp cloning
kit were from Stratagene Ltd. (Cambridge, UK). The pGEM-T Easy
vector system was purchased from Promega (Southampton, UK). All
oligonucleotides were synthesised by the Microchemical Facility at the
Babraham Institute.

2.2. Cloning of mammalian cDNAs encoding Rhomboid-related proteins
Comparison of the Drosophila rhomboid cDNA sequence with that

of a randomly sequenced human genomic DNA fragment (accession
number Z92544) allowed us to predict oligonucleotide sequences that
were used to derive a series of overlapping cDNA clones encoding
human RRP mRNA. The clones were derived by a PCR-based strat-
egy using double-stranded cDNA derived from RNA isolated from
the HL-60 cell line (Marathon cDNA; Clontech) as starting material.
We have also isolated a cDNA clone encoding a fragment of a rat
RRP cDNA by reverse transcription-PCR starting from RNA iso-
lated from a rat epithelial cell line. Full details of the oligonucleotides
and the PCR and cloning conditions used to derive the human and rat
clones can be obtained from the authors. All clones were sequenced
on both strands using an ABI377 sequencer and the sequences ana-
lysed using programs from the University of Wisconsin Genetic Com-
puting Group [7].

2.3. RNA isolation and Northern blot analysis
RNA was isolated as described [8]. A human multiple tissue North-

ern blot (Clontech) was probed with a 32P-labelled cDNA spanning
the human RRP coding region. Hybridization and washing conditions
were as recommended by the manufacturer.

3. Results and discussion

A search of the EMBL and GenBank databases with the
Drosophila Rhomboid protein sequence, using the program
TFASTA, identi¢ed strong similarity with a translation of
DNA sequences within a human genomic clone (accession
number Z92544) derived from chromosome 16. Using oligo-
nucleotides predicted from this genomic sequence, a series of
overlapping cDNA fragments were cloned by a PCR-based
strategy, using cDNA (Marathon; Clontech) derived from
RNA isolated from the human leukaemic HL-60 cell line.
The consensus cDNA sequence and deduced protein sequence
of human RRP are shown in Fig. 1. The cDNA is approx-
imately 1.6 kb in length, similar to the size of the correspond-
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ing mRNA in human brain and kidney (see below), and en-
codes a protein of 438 amino acids. Although the cDNA
sequence does not contain an in-frame stop codon upstream
of the predicted initiator methionine, we believe this residue is
likely to be the N-terminus of the protein as, ¢rstly, the me-
thionine is located in a strong consensus sequence for protein
synthesis initiation [9] and secondly, additional 5P-RACE re-
actions performed on Marathon cDNA derived from either
the HL-60 cell line or foetal human brain, using oligonucleo-
tides located within 200 bases of the predicted 5P end of the
mRNA, failed to identify any larger species. Comparison of
the cDNA and genomic sequences indicates that the RRP
gene contains seven exons that span approximately 2.2 kb
pairs. The location of intron-exon boundaries (see Fig. 1)
bears no obvious relationship to the structure of the protein.
They do not, for example, correspond to the predicted trans-
membrane domains of the protein. In contrast with the mam-
malian gene, the Drosophila rhomboid gene comprises only
two exons within the protein coding region [5] and the single

exonic junction does not correspond to any of those in the
mammalian gene.

Computer-aided protein sequence analysis suggests that,
like Drosophila Rhomboid [5], human RRP is a multispan
transmembrane protein. Transmembrane domains predicted
by the program PhdTopology [10] are indicated by underlin-
ing in Fig. 1. Both this program, and a second, TMpred [11],
suggest that human RRP has seven transmembrane spans
with an intracellular N-terminus. However, detailed experi-
mental analysis will be needed to con¢rm the protein's cellular
location and topology. A comparison of the protein sequences
of Drosophila Rhomboid and human RRP using the program
GAP showed 30% identity (56% similarity). An alignment of
human RRP with Drosophila Rhomboid and two related C.
elegans proteins is shown in Fig. 2. All four sequences show
strong similarity, which is particularly apparent within the
predicted transmembrane regions (amino acids 195^426 of
human RRP).

To investigate RRP expression, polyadenylated RNA sam-
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Fig. 1. The cDNA and predicted protein sequences of human rhomboid-related protein. Potential transmembrane domains identi¢ed by the
program PhDTopology are indicated by underlining, and the exon junctions by arrowheads.
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ples isolated from human tissues were analysed by Northern
blotting using a cDNA spanning the human RRP coding
region as a probe (Fig. 3). The probe hybridized strongly to
a transcript of approximately 1.7 kb in RNA isolated from
brain (lane 2) and kidney (lane 7). Interestingly, larger hybrid-
izing species were detected in RNA from heart (lane 1), brain
(lane 2) and skeletal muscle (lane 6), raising the possibility
either of tissue-speci¢c alternative splicing of the RRP precur-
sor RNA or of cross-hybridizing mRNA species derived from
related genes. In support of this latter suggestion, database

searches with the RRP sequence identi¢ed a human expressed
sequence tag (accession number AA351652) coding for a pro-
tein fragment with high sequence similarity to the C-terminal
50 amino acids of human RRP, suggesting that at least two
rhomboid-related genes are expressed in human tissues.

The precise role and mode of action of Rhomboid during
Drosophila development has yet to be determined. Although
DER and its ligand, Spitz, are widely expressed in Drosophila,
Rhomboid expression appears to be restricted to those tissues
where active DER signalling occurs [5,12,13]. Whilst the
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Fig. 2. Protein sequence comparison between human rhomboid-related protein, Drosophila Rhomboid and two related proteins in Caenorhabdi-
tis elegans. Sequences were aligned using the program PILEUP from the University of Wisconsin Genetic Computing Group Package. Sites at
which two of the amino acids are identical are highlighted in grey, and at which three or four are identical in black. The protein sequences for
celegans1 and celegans2 can be found at TREMBL:q19821 and SWISSPROT:p34356, respectively.
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weight of evidence favours a role for Rhomboid in Spitz
processing, alternative functions have been suggested (see
[2]). Firstly, Rhomboid may regulate DER/mitogen-activated
protein (MAP) kinase activity directly, either by facilitating
ligand-receptor interaction or by an involvement at some
point in the downstream signalling pathway from the recep-
tor. The evidence against this proposal is that in vitro studies
have failed to ¢nd any di¡erence in EGF receptor signalling
between Drosophila cell lines expressing and lacking Rhom-
boid, at least to the level of MAP kinase activation [4]. A
second suggestion is that Rhomboid may function in associ-
ation with proteins at intercellular junctions to facilitate cell-
cell interaction and hence to allow ligand-receptor interaction.
In support of this idea is the demonstration that in some

embryonic cells Rhomboid co-localises with the Drosophila
L-catenin-like protein Armadillo at adherens junctions [14].

In conclusion, we have cloned a cDNA encoding a mam-
malian protein which shows high sequence similarity with the
Drosophila protein Rhomboid, which is strongly implicated in
the modulation of EGF receptor signalling in the £y. The
demonstration of a putative human homologue of Rhomboid
suggests that the protein's function may be evolutionarily con-
served. If so, RRP may represent a novel component in the
mammalian EGF receptor signalling pathway. Our identi¢ca-
tion of RRP should stimulate analysis of the protein's func-
tion and facilitate a search for additional, related proteins.
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Fig. 3. Expression of rhomboid-related protein mRNA in human
tissues. Polyadenylated RNA samples (2 Wg) from heart (lane 1),
brain (lane 2), placenta (lane 3), lung (lane 4), liver (lane 5), skeletal
muscle (lane 6), kidney (lane 7) and pancreas (lane 8) were analysed
by Northern blotting. The blot was hybridized with a 32P-labelled
cDNA encoding human rhomboid-related protein, washed and then
exposed to X-ray ¢lm at 370³C with intensi¢er screens. The posi-
tions of co-electrophoresed RNA size markers are indicated.
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