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RhoGEFs play an important role in various signal-
ing cascades and are implicated in human conditions
like cancer and mental retardation. A database search
combined with screening of a human neuronal terato-
carcinoma library identified two novel RhoGEFs,
ARHGEF3 and ARHGEF4 (HGMW-approved symbols).
The widely expressed ARHGEF3 transcript of 3561 nu-
cleotides encodes a polypeptide of 526 amino acids
with homology to NET1. The ARHGEF4 gene generates
two transcripts of 3665 and 4000 nucleotides that
translate into 720 amino acid residues. Expression of
ARHGEF4 is restricted to brain and the encoded pro-
tein shows homology to collybistin. FISH analysis of
genomic clones mapped ARHGEF3 to 3p13-21 and
ARHGEF4 to 2922. © 2000 Academic Press

Rho-like GTPases play an important role in many
cellular processes like cytoskeletal rearrangements,
transcriptional activation, regulation of cell morphol-
ogy and cell aggregation, cytokinesis, endocytosis and
secretion [1]. They are furthermore involved in onco-
genic transformation and more recently in human dis-
orders like mental retardation [2, 3]. Rho-GTPases are
activated by binding GTP and inactivated by conver-
sion of GTP to GDP by their intrinsic GTPase activity.
Mainly three types of proteins regulate this cycling
between active and inactive conformation. GTPase ac-
tivating proteins (GAPs) stimulate the intrinsic
GTPase activity, and guanine nucleotide dissociation
inhibitors (GDIs) bind both to GTP-bound and GTP-
bound Rho-GTPases and thereby stabilize the respec-
tive conformation. Finally, guanine nucleotide ex-
change factors (GEFs) catalyze the release of bound
GDP that is replaced by GTP. Several studies indi-
cate that the main form of regulation is exercised by
RhoGEFs [4]. Their large size enables them to contain
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several functional domains that can integrate various
signals.

Two domains are contained in all RhoGEF proteins,
a Dbl homology (DH) and an adjacent pleckstrin ho-
mology (PH) domain that present in their tandem or-
ganization a hallmark for RhoGEFs [5]. Individual
members feature in addition other domains or motifs
like a Src homology 3 (SH3) or a PDZ domain. To
identify novel members, an EST database search was
combined with the screening of a neuronal teratocar-
cinoma library. This resulted in the identification of
two novel genes, ARHGEF3 and ARHGEF4, with ho-
mology to the known family members NET1 and colly-
bistin [6, 7]. Further characterization revealed differ-
ent expression patterns and alternative splicing for
ARHGEF4. To determine their chromosome localiza-
tion, genomic clones were identified and analyzed by
FISH.

MATERIALS AND METHODS

Library screening and sequence analysis. To obtain cDNA clones,
a Uni Zap XR human neuronal teratocarcinoma cDNA library (Strat-
agene) was hybridized under low stringency conditions (50°C instead
of 65°C in a solution containing 1 mM EDTA, 0.25 M NacCl, 0.125 mM
Na,HPO, (pH 7.0), 10% polyethylene glycol 6000, 7% SDS) and
filters were washed at 50°C in phosphate buffer (40 mM Na,HPO,).
Bluescript KS(+) plasmids were isolated by in vivo excision accord-
ing to the manufacturer’s instruction. To obtain genomic clones, a
PAC and a BAC filter library (RPCIP704 and RPCIB753, German
Resource Centre) containing genomic human DNA inserts were
screened by using standard protocols [8]. Double-stranded sequenc-
ing of cDNA clones was performed with labeled universal M13 prim-
ers and the Thermo sequenase fluorescent labeled primer cycle se-
quencing kit (ABI) on a LICOR sequencer (MWG-Biotech).
Sequences were determined on both strands. Sequence analysis was
performed with BLAST [9]. Human brain total RNA was purchased
(Clontech) and poly(A)“-RNA was obtained by subsequent purifica-
tion on magnetic beads using an mMRNA isolation kit (Boehringer-
Mannheim). For synthesis of cDNA, approximately 40-200 ng of
purified mMRNA was randomly primed by using SuperScript 11 RNase
H-reverse transcriptase (Gibco-BRL). Reverse transcription was
carried out for 40 min at 42°C, 10 min at 45°C, and 10 min at 50°C.
Negative controls without reverse transcriptase were run under
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identical conditions. 5'-RACE was performed by using essentially
the protocol of Frohman [10] with some minor modifications. After
reverse transcription, the cODNA was purified by using QIAquick spin
columns (QIAGEN). For second strand synthesis, the primer CTA-
ATACGACTCACTATAGGGCTCGAGCGGCTTTTTTTTTTTTTTT-
TTV was used. PCR was performed with gene specific primers and
AP1 CTAATACGACTCACTATAGGGC and AP2 ACTCACTAT-
AGGGCTCGAGCGGC at an annealing temperature of 60°C (1 min)
and extension at 72°C (2 min). PCR amplification was performed on
1/50 of the original RT reaction in a final volume of 50 ul containing
40 pmol of each primer and 1 U of Taq polymerase. One-fifth of the
PCR product was analyzed on 1.5% agarose gels with 0.5 ug/mL
ethidium bromide in 1X TAE.

Northern blot analysis. An adult multiple tissue total RNA (In-
vitrogen) was purchased. The blot was hybridized in Ultrahyb solu-
tion (Ambion) with indicated **P-labeled cDNA probes for 15 h at
65°C. Hybridized filters were washed for 2xX 30 min in 2X SSC, 0.1%
SDS and 30 min in 0.1X SSC, 0.1% SDS at 65°C. Autoradiography
took 16—40 h at —70°C using two intensifying screens.

Fluorescence in situ hybridization (FISH). Standard FISH proto-
cols were followed [11]. The PAC clones were labeled with biotin-14-
dATP by using a standard nick translation procedure [12]. Meta-
phase spreads were prepared using standard procedures [12].
Hybridization was done for 45 h in a moist chamber at 37°C. Immu-
nocytochemical detection of the hybridization probes was achieved as
described elsewhere [12]. Images were taken with a Zeiss epifluores-
cence microscope equipped with a thermoelectronically cooled charge
coupled device (CCD) camera (Photometrics CH250), which was con-
trolled by an Apple Macintosh computer. Merging and pseudocolor-
ing were accomplished using the ONCOR Image and ADOBE Pho-
toshop software.

RESULTS
Identification of Two Novel RhoGEF Genes

In order to identify novel RhoGEF gene family mem-
bers, an EST database search was initiated by using
the amino acid sequence of the DH domain as query in
the tblastn program. This algorithm compares a pro-
tein query sequence against a nucleotide sequence da-
tabase dynamically translated in all reading frames.
About 70 human ESTs were identified encoding this
hallmark of RhoGEFs. Most of them were derived from
known RhGEFs. 7 EST clones, EST26703, EST56928,
EST28207, EST00232, 784813, 166961, 1009218
(GenBank Accession Nos. AA323861, AA349948,
AA325176, AA448233, M62170, R89026, AA225792)
showed only similarity but no identity to known
RhoGEFs. Further sequence analysis demonstrated
that clones EST26703 and EST56928 were derived
from the same transcript (ARHGEF3 cluster).

Several RhoGEFs contain large 3’ untranslated re-
gions. It was therefore possible that some DH domains
escaped detection in the database search, because the
available EST sequence did not reach the DH domain.
We therefore performed a screening of 2.5 x 10°
plaques of a neuronal teratocarcinoma cDNA library
with nucleotide probes encoding the DH domain of
ECT2, P1115-RhoGEF, KIAA0006, and of clone
EST56928 (GenBank Accession Nos. AA206473,
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U64105, D13631, AA349948 [13, 14]) under low strin-
gency conditions. 11 clones were identified and se-
quenced. 6 were identical to known genes. Among
them, only one clone represented a RhoGEF, NET1A
[6], whereas the other clones were derived from genes
without a DH domain: TRAL1 (3 clones), EFla, and
GAP43 (GenBank Accession Nos. X15187, X16869,
M25667). One clone had no homology to any database
entry, and 4 clones (9i, 19i, 40i, 42i,) showed similarity
to RhoGEFs. Clone 42i with ECT2, 19i with KIAA0942
(GenBank Accession No. AB023159), and clones 9i
and 40i revealed homology with NET1. The latter
two clones in addition overlapped with the cluster
ARHGEFS3, identified by the database search.

Since clones 9i and 40i added sequence information
to the ARHGEF3 cluster and since M62170, identified
by the database search, was expressed in brain (see
below), these two putative RhoGEF transcripts were
assembled to full-length transcripts. Several rounds of
5’-RACE experiments on RNA from adult human
brain resulted in two composite full-length cDNAs,
ARHGEF3 and ARHGEF4 (M62170 based).

Characterization of ARHGEF3

The composite ARHGEF3 transcript of 3561 nucleo-
tides (nts) contains an open reading frame (ORF) from
nucleotide 128 to 1708 and a large 3’ untranslated
region (UTR) of 1853 nts (Fig. 1A). The initiation codon
ATG is imbedded in a strong Kozak consensus se-
quence (CCGCCATGG) [15]. To test the expression of
ARHGEF3, a multiple tissue Northern blot analysis
was performed. In order to avoid cross hybridization of
the nucleotide sequences encoding the DH and PH
domains with other RhoGEFs, a probe representing
the 3" UTR was used. The probe detected widespread
expression in heart, brain, kidney, lung, pancreas,
spleen and skeletal muscle with a transcript size of
about 3800 nts (Fig. 2A). This conforms to a poly(A) tail
of about 200 bases and confirms that ARHGEF3 rep-
resents the full-length transcript. The ubiquitous ex-
pression was confirmed by an EST database analysis
that identified 65 ARHGEF3 derived ESTs from vari-
ous tissues: spleen, brain, colon, connective tissue, ear,
germ cells, kidney, lymph node, muscle, pancreas,
parathyroid, pineal gland, prostate, retina, testis,
uterus, and whole blood. No apparent alternative splic-
ing products were observed. During the preparation of
this manuscript, a patented sequence (GenBank Acces-
sion No. AX002254.1) was entered into the database
that showed identity to ARHGEF3, but no further in-
formation was provided.

The ORF encodes a 526 amino acid (aa) protein with
a calculated molecular weight of 59,782 and a calcu-
lated isoelectric point (pl value) of 6.03. The only do-
mains in the polypeptide are the DH and the PH do-
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FIG. 1. Sequence alignment of the novel RhoGEFs with similar family members. Amino acid sequences were compared using the pileup
program. Conserved amino acid residues are shaded. Numbers at left indicate amino acid position and DH, PH, and SH3 domains are
underlined. (A) Sequence similarity of ARHGEF3 to human NET1 and yeast rhol (Saccharomyces pombe) (GenBank Accession Nos. U02081
and AL049498). (B) Sequence similarity of ARHGEF4 to human KIAA0424 and its rat ortholog collybistin (GenBank Accession Nos.

AB007884 and AJ250425).

mains, characteristic of RhoGEFs. A homology search
revealed identity of 64% and similarity of 82% on the
amino acid level to human NET1A and 23% identity
and 42% similarity to rhol of Schizosaccharomyces
pombe (Fig. 1A).

To localize the gene within the human genome, a
human genomic BAC clone library was screened with
the 3" UTR of ARHGEF3 and 4 positive BAC clones
identified: A214, B234, D0819, and B06174. Restric-
tion and southern blot experiments confirmed that
these clones contained ARHGEF3 (data not shown).
FISH analysis of these clones mapped ARHGEF3 to
3p13-p21 (Fig. 3A). This confirms radiation hybrid
mapping data that localized the gene between markers
D3S1289 and D3S1547 on 3p [16].

Characterization of ARHGEF4

ARHGEF4 was assembled to a full length transcript of
3665 nts. Furthermore, two alternative splice variants
were observed during cloning and sequence analysis. 5'-
RACE and RT-PCR analysis resulted in an alternative 5’
UTR sequence with a 335 nucleotide insertion at position
412 (splice variant I, data not shown). This insertion
likely represents an additional exon, since a PCR using a
forward primer upstream of position 412 and a reverse
primer downstream of this position did amplify this in-
sertion from reverse transcribed brain RNA, but not from
genomic DNA (data not shown).

Comparison with the partial cDNA clone KIAA11112
revealed that the latter contains an additional 591-
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FIG. 2. Northern blot analysis of ARHGEF3 and ARHGEF4.
Hybridization of the 3" UTR of ARHGEF3 (A) or ARHGEF4 (B) to an
adult multiple tissue Northern blot containing total RNA (Invitro-
gen). As a control, glyceraldehyde 3-phosphate dehydrogenase
(G3PDH) cDNA was hybridized to the Northern blot.

nucleotide insertion at position 2441 of ARHGEF4
(splice variant II). This insertion corresponds to the
last intron of ARHGEF4, as revealed by PCR and se-
quence analysis (data not shown). None of 6 EST clones
(IMAGE clones 47898, 51711, ai60154, and DKFZ
clones p578001144 and p434G2016) analyzed by us
contained this insertion. RT-PCR analysis did also not
result in amplification of the insertion present in clone
KIAA11112. It is therefore most likely that the clone
variant KIAA11112 corresponds to an incomplete
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spliced mRNA or is expressed at a very low amount.
Northern blot analysis indicated weak expression of a
transcript of 3800 nucleotides in brain (Fig. 2B). This
size corresponds well with the length of ARHGEF4
(8665 nts). Faint bands were also observed in kidney,
lung, and muscle (Fig. 2B). The predominant expres-
sion in brain was supported by RT-PCR data, available
for the partial cDNA clone KIAA11112, that showed
weak expression in adult and fetal brain, and very
weak expression in testis [17]. Furthermore, 27 out of
36 ARHGEF4 derived human ESTs, identified in the
dbEST database, originated from brain tissues (data
no shown).

ARHGEF4 contains three AUG at positions 521, 584,
and 620, preceded by a stop codon at position 347. None
of the ATGs is embedded in a Kozak consensus se-
quence, but the ATG at position 620 fulfills the mini-
mum criteria of G™ and a purine in position —3 [15].
This initiation codon would results in an ORF encoding
a 720 amino acid polypeptide with a calculated molec-
ular weight of 81,780 and a pl of 6.36. The 591 nts
insertion at position 2441 would led to an altered

FIG. 3. FISH mapping of ARHGEF3 and ARHGEF4. Fluo-
rescence in situ hybridization of BAC clone D0819 containing
ARHGEF3 (A) to 2922 and PAC clone L05585 containing ARHGEF4
(B) to 3p13-21.
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C-terminus of ARHGEF4 with a shorter polypeptide
containing an alternative carboxyl terminus of 29
novel amino acid residues instead of the last 112 aa of
ARHGEF4.

ARHGEF4 contains the DH and the PH domains,
and in addition a SH3 domain at the N-terminal. A
similarity search revealed high homology to human
KIAA0424 (58% identity, 73% similarity), and its rat
ortholog collybistin (62% identity, 79% similarity), a
brain specific RhoGEF involved in receptor localization
in neurons [7] (Fig. 1B).

Hybridization of the 3" UTR of ARHGEF4 to a hu-
man genomic PAC library identified 3 clones, L05585,
H24814 and P2189 that contained ARHGEF4. The
clones were verified by restriction and Southern blot
experiments to contain ARHGEF4 (data not shown).
All three clones mapped to human 2g22 (Fig. 3B). This
localization is in good agreement with radiation hybrid
data that mapped an ARHGEF4 derived EST to the
interval D2S2215-D2S132 on 2g22-923 [16].

DISCUSSION

We report on the identification and isolation of
two novel RhoGEFs, ARHGEF3 and ARHGEFA4.
ARHGEF4 shows strong similarity of 82% with NET1,
another ubiquitously expressed RhoGEF. NET1 exhib-
its focus forming activity, and NIH3T3 cells trans-
fected with a NET1 expression construct showed al-
tered growth properties in vitro, and were tumorigenic
when injected into nude mice. NET1 thus reveals fea-
tures of an oncogene. Interestingly, ARHGEF3 maps to
a chromosomal region, 3p21-p13 that harbors 6 trans-
locations and approximately 70 deletions, that are re-
currently associated with tumors [18]. The identifica-
tion of several genomic clones containing ARHGEF3
that are suitable for FISH analysis will help to eluci-
date whether ARHGEF3 is affected by any of these
rearrangements and plays a role in tumorigenesis.
However, an EST database survey did not indicate an
increased expression of ARHGEF3 in cancer cell lines
(data not shown).

ARHGEF4 revealed significant similarity of 79% to
collybistin, a recently isolated RhoGEF that plays a
crucial role in gephyrin-mediated postsynaptic sub-
membrane clustering of GABA, and glycine recep-
tors [7]. Collybistin, that is predominantly expressed
in the brain, might therefore play an important role
in the formation of inhibitory postsynaptic mem-
brane formation and plasticity [7]. Interestingly,
ARHGEF4 shows also brain specific expression and
it will therefore be interestingly to analyze whether
ARHGEF4 displays similar function as collybistin.
Furthermore, recent studies on mental retardation
revealed the involvement of several RhoGTPase in-
teracting proteins in the etiology of this disorder.
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Oligophrenin-1 encodes a RhoGAP, aPIX a RhoGEF,
and PAK3 (p21 activating kinase) encodes a down-
stream effector of RhoGTPases [19-21]. An analysis
of the Mendelian Cytogenetic Network database
(dbMCN, http://mcndb.imbg.ku.dk/index.php) indi-
cated that more than 10 breakpoints associated with
MR map to 2g22. FISH analysis of the PAC clones
containing ARHGEF3 will reveal whether any of
these translocations affects this gene.
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