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Abstract

RASL11B is a member of the small GTPase protein family with a high degree of similarity to RAS proteins. Cloning of RASL11B mRNA and
in silico analyses revealed that the human RASL11B gene spans about 4.5 kb and comprises four exons on chromosomal locus 4q12. The proximal
5′-flanking region of the gene lacks a TATA box but is GC-rich and contains a CCAAT box and several Sp1 sites. Consistent with this, the
RASL11B gene was found to be expressed in all tissues investigated, with highest levels in placenta and in primary macrophages. The predicted
RASL11B protein has no typical prenylation signal, indicating that it is probably not anchored to cellular membranes. RASL11B was induced
during maturation of THP-1 monocytic cells into macrophage-like cells and in coronary artery smooth muscle cells after treatment with TGF-β1.
These results indicate that RASL11B may play a role in TGF-β1-mediated developmental processes and in pathophysiologies such as
inflammation, cancer, and arteriosclerosis.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Members of the RAS protein family have been found in all
eukaryotes investigated and they modulate a wide variety of
cellular processes ranging from cell growth, organization of the
cytoskeleton, and intracellular traffic to cell survival and apop-
tosis [1,2].

The human RAS protein family comprises more than 150
members and forms a subfamily of the protein family of small
monomeric GTPases. The family of RAS proteins itself is div-
ided into five different major subfamilies named RAS, RHO,

RAB, ARF, RAN and other proteins belonging to the RAS
family [3]. All RAS proteins have different intracellular local-
izations and interact with different effectors, but all share a so-
called G-domain which is essential for the binding and hydro-
lysis of GTP [4].

Typically, RAS proteins are post-translationally modified by
prenylation at the CAAX signal located at the end of their C-
terminus. Addition of a farnesyl or geranylgeranyl group to this
motif allows anchoring of the RAS protein to cellular mem-
branes [5].

RAS-like GTPases form a poorly characterized and
heterogeneous subfamily of the small monomeric GTPase
protein family. Most of them are allocated to the RAS subfamily
even though they lack some of the characteristics of these
proteins such as the prenylation signal (e.g., RIT1 and RIT2) or
the effector domain (e.g., RHEB2, RASD2, ARHI, NKIRAS1
and NKIRAS2) [6].
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In the present study, we cloned the small RAS-like
GTPase RASL11B (RAS-like protein, family 11, member B)
in order to investigate the organization of the RASL11B
gene. We analyzed the expression of RASL11B during macro-
phage maturation and the tissue-specific expression of the
RASL11B gene. A further aim of this study was to characterize
the influence of TGF-β1 on the expression of RASL11B in
coronary artery smooth muscle cells (caSMCs). In addition,
we analyzed the expression of the RASL11A gene encoding
the previously described RASL11A protein with unknown
function [7], which is the closest human homologue of
RASL11B.

2. Materials and methods

2.1. Cell culture

Human caSMCs were purchased from BioWhittaker (Walkersville, MD).
Cells were cultured using the SmGM2 Bullet Kit in medium containing 5%
fetal bovine serum (BioWhittaker) as previously described [8]. When 80%
confluent, cells were grown for 48 h in MCDB 131 medium (Sigma-Aldrich
Chemie, Taufkirchen, Germany) supplemented with 100 units/ml penicillin,
100 μg/ml streptomycin and 4 mM L-glutamine (ICN Biomedicals,
Eschwege, Germany), 100 mM sodium hydrogen carbonate (Sigma-Aldrich
Chemie), 10 μl/ml ITS (BD Biosciences, Heidelberg, Germany), 30 μg/ml
heparin (Merckle, Ulm, Germany), 50 μg/ml ascorbic acid (Sigma-Aldrich
Chemie) and 1% fetal bovine serum (CytoGen, Sinn-Fleisbach, Germany).
Using the supplemented MCDB 131 medium, cells were incubated with or
without 10 ng/ml TGF-β1 for different times as indicated in the figures. The
THP-1 monocytic cell line was purchased from the American Tissue Culture
Collection (Rockville, MD). The cells were maintained in RPMI 1640
containing L-glutamine, 10% fetal calf serum (PAA Laboratories, Pasching,
Germany), and 0.1 mg/ml penicillin/streptomycin/L-glutamine solution
(Invitrogen, Karlsruhe, Germany). THP-1 monocytes were harvested directly
from the cell suspension or seeded and differentiated into macrophages using
0.1 mM phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich Chemie) and
50 nM 2-mercaptoethanol (Sigma-Aldrich Chemie) for 4 days as previously
described [9].

2.2. RNA isolation

Total cellular RNAwas isolated using the RNeasy Mini kit (Qiagen, Hilden,
Germany) as described [10]. Contaminating genomic DNAwas removed using
DNase I (Qiagen).

2.3. Reverse transcription

Five micrograms of total RNA were reverse transcribed using 500 ng/μl
oligo(dT) primer (Invitrogen), 1 mM dNTPs (Fermentas, St. Leon-Rot,
Germany), 20 units of ribonuclease inhibitor (Promega, Mannheim, Germany)
and 200 units of M-MuLV reverse transcriptase RevertAid (Fermentas) in a total
volume of 20 μl as previously described [11]. After diluting the cDNA tenfold,
aliquots were immediately used or stored at −20 °C.

2.4. RACE assays

RACE analyses were performed using the GeneRacer Kit (Invitrogen) and
different reverse or forward primers specific for the human RASL11B mRNA
(Table 1). For 5′-RACE assays, 1 μg of total RNA isolated from human caSMCs
was incubated with calf intestinal phosphatase in order to eliminate truncated
non-mRNAs and mRNAs. The dephosphorylated mRNA was treated with
tobacco acid pyrophosphatase to remove the 5′-cap. The full-length mRNAwas
ligated to the GeneRacer RNA oligonucleotide using T4 RNA ligase. After

reverse transcription using the GeneRacer oligo(dT) primer, PCRs were
performed using the GeneRacer 5′-forward primer and different
RASL11B-specific reverse primers (Table 1). Nested PCRs were
performed using the GeneRacer 5′-nested forward primer and nested
RASL11B-specific reverse primers (Table 1). For 3′-RACE analyses, 1 μg
of total RNA isolated from human caSMCs was reverse transcribed using
the GeneRacer oligo(dT) primer. PCRs were performed using the
GeneRacer 3′-reverse primer and different RASL11B mRNA-specific
forward primers (Table 1). Nested PCRs were performed using the
GeneRacer 3′-nested reverse primer and nested RASL11B-specific forward
primers (Table 1). PCR products were checked on agarose gels and
subjected to sequencing.

2.5. DNA sequencing

DNA sequencing was performed using the BigDye 2.0 or 3.1 Terminator
Cycle Sequencing kit (Applied Biosystems, Weiterstadt, Germany) in a PTC-
200 thermal cycler (MJ Research, Waltham, MA) as described [11]. PCR
products for sequencing were either gel purified and/or cloned into pCRII-
TOPO vector (Invitrogen) using the TOPO TA Cloning kit (Invitrogen). The
primers used for sequencing PCR products were identical to the primers used
for amplification of corresponding targets. Sequencing of PCR fragments
cloned into pCRII-TOPO vector was performed using M13/pUC reverse and
M13/pUC forward primers (Invitrogen). Products of the sequencing reaction
were purified by gel filtration using Sephadex G-50 Superfine (Amersham
Biosciences, Munich, Germany) prior to electrophoretic separation and
fluorimetric detection on an ABI Prism 3700 DNA sequencer (Applied
Biosystems).

2.6. Primer design

PCR primers for real-time RT-PCR (Table 1) were designed using the Primer
Express v2.0.0 software (Applied Biosystems) as previously described [8].
Primers were purchased from Invitrogen and forward and reverse primers locate
in different exons.

Table 1
Primers used in this study (PCR and RACE primers were also used for
sequencing)

Primer Sequence Exon

5′-RACE A reverse 5′-CAG CTT TGT TGG CCA CGA CCA
CCA CA-3′

4

5′-RACE B reverse 5′-TGC TGG TGG AGC TGG CTG ATG
AGT TCA-3′

4

3′-RACE A forward 5′-CAT GTG CAC CAT CGC CGA GTA
CCC C-3′

1

3′-RACE B forward 5′-TTC TCC AGT CCC TCA GTC CCT
TCC CGC-3′

1

3′-RACE C forward 5′-ACA CTC CAG GTATTC AGG TCC-3′ 3
Real-time PCR forward 5′-ACA CTC CAG GTATTC AGG TCC

ATG-3′
3

Real-time PCR reverse 5′-ACA GCA TCT GCC CAG CGA-3′ 4
Splicing intron 1 forward 5′-ACC ATC GCC GAG TAC CCC-3′ 1
Splicing intron 1 reverse 5′-GAATCG TTT GGT GAGGAA CCG-3′ 2
Splicing intron 2 forward 5′-CCG GTT CCT CAC CAA ACG A-3′ 2
Splicing intron 2 reverse 5′-GAG TGT CTT GAA CCT GAA GAG

CCA-3′
3

Splicing intron 3 forward 5′-GTT CAG ATA GAA GGT GAA ACC
CTG G-3′

3

Splicing intron 3 reverse 5′-TGGAAG GCG CTG TAG ACATCA-3′ 4
Sequencing 1 forward 5′-AGT CTG GGT CTG GAG CCT G-3′ 1
Sequencing 2 forward 5′-TAG GCC TGG CTG AGT TGT GC-3′ 4b
Sequencing 1 reverse 5′-TGGAAG GCG CTG TAG ACATCA-3′ 4
Sequencing 2 reverse 5′-CTG GCC CAT AAA CTC AAC C-3′ 4b
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2.7. RT-PCR

RT-PCR mixes of 20 μl included 0.5 μl cDNA, 1.25 units HotStar Taq
polymerase and PCR buffer (both from Qiagen) containing 1.5 mM MgCl2. In
some cases, MgCl2 up to 3.5 mM was added. PCR cycling conditions were as
follows: Initial denaturation at 95 °C for 10 min, followed by 40 cycles of 15 s at
95 °C, 30 s at the primer melting temperature and 72 °C for 1 min per 1000 base
pairs. Products were checked by agarose gel electrophoresis and identity of PCR
products was verified by sequencing.

2.8. Real-time RT-PCR

We performed real-time RT-PCR assays using the ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems) and the QuantiTect SYBR-
Green PCR kit (Qiagen). Cycling parameters were: initial denaturation at 95 °C
for 10min, followed by 40 cycles of 15 s at 95 °C and 60 s at 60 °C. Each reaction
contained cDNA corresponding to between 0.2 and 7 ng total RNA and 200 nM
of forward and reverse primer (Table 1). For tissue-specific mRNA expression
analyses, total RNA of different tissues was obtained from Clontech (Saint-
Germain-en-Laye, France) or Ambion (Darmstadt, Germany). Five micrograms
of each total tissue RNAwere reverse transcribed as described above. For each
assay, cDNA samples were assayed in duplicates at least two times and analyzed
using the Sequence Detection System v2.1 software (Applied Biosystems). We
performed relative mRNA quantification using the ΔΔCt method and normal-
ized samples as follows. In case of tissue-specific mRNA expression analyses,
fold changes were finally normalized to the three most stably expressed
housekeeping genes, 14 kDa signal recognition particle (SRP14; NM_003134),
DNA directed RNA polymerase II polypeptide K (NM_005034) and family 3A
histone H3 (NM_002107), using GeNorm [12]. All relative expression levels in
tissues were calculated using RASL11B expression in bone marrow RNA
(showing lowest abundance of RASL11B mRNA) and RASL11A expression in
endothelial cells (showing lowest abundance of RASL11A mRNA) as
references. For the remaining real-time RT-PCR analyses, RNA was isolated
from at least two different experiments and cDNA synthesis was performed at
least two times for every RNA sample using 5 μg of total RNA as described
above. Real-time RT-PCR was performed in duplicates at least three times for
every time point and fold changes were normalized to the expression of the
housekeeping gene SRP14, expression of which was not affected by TGF-β1
(data not shown). For TGF-β1 dependent expression analyses, PCR efficiencies
were calculated using cDNA dilutions derived from human caSMCs and taken
into account. Following PCR amplification, samples were subjected to melting
temperature analyses. The identity of PCR products was verified by sequencing.
Controls containing all constituents but the template were performed to rule out
contamination of reagents.

2.9. Database searches and multiple sequence alignments

GenBank entry NM_023940 containing the putative human RASL11B
mRNA sequence was used to search the GenBank databases to generate an
aligned RASL11B mRNA/EST (expressed sequence tag) dataset using BLAST
algorithm with standard parameters. Human sequences showing a reasonable
number of matching nucleotides to the putative human RASL11B mRNA
sequence were extracted. Single nucleotide insertions as well as regions of low
quality were removed from each entry using human chromosome 4 sequence
(NT_022853.14; 20 February 2007) as reference. Expressed sequence tags in the
wrong orientation were made reverse complementary. Sequences not spanning
at least one intron were removed as being likely to represent DNA
contaminations. A multiple alignment of the processed sequences was generated
using DIALIGN with standard options for nucleotide sequence alignments [13]
and visualized using VisCoSe [14]. The locations and sizes of exons and introns
were extracted by BLAST-based comparison of the consensus of the alignment
to the reference sequence of human chromosome 4.

2.10. Sequence retrieval and phylogenetic inference

The RASL11 phylogenetic tree was built by employing the RiPE pipeline
[15,16] with an alignment of primate RASL11 protein sequences (NP_076429,

NP_996563, XP_001089688, ENSMMUP00000010385, ENSPTR-
P00000027621, ENSPTRP00000053604) as the starting point (jumpstart
alignment) of a PSI-BLAST search [17]. Search results were processed by
RiPE, and full length sequences corresponding to hit sequences were retrieved
automatically. The full length sequences were aligned by MAFFT using the
E-INS-i strategy [18]. The retrieved RASL11 protein data set contained several
predicted sequences of questionable quality so that manual filtering was
performed. As a consequence, some predicted RASL11 homologous protein
sequences were excluded from the phylogenetic analysis for the following
reasons (although trees including these sequences show similar topology; data
not shown): RASL11C protein sequences of Oryzias latipes (ENSORL-
P00000011944), Tetraodon nigroviridis (GSTENG00005626001), Takifugu
rubripes (NEWSINFRUP00000174682) contain probably mis-predicted exons
which were not part of any other RASL11 protein. Further, no experimental data
is available supporting reliability of the mis-predicted exons. Danio rerio
RASL11C protein sequence (NP_001017840.1) shows insufficient homology to
other RASL11 proteins within the C-terminal half. RASL11B protein sequences
of Loxodonta africana (ENSLAFP00000006861) and Dasypus novemcinctus
(ENSDNOP00000003331) as well as Loxodonta africana RASL11A protein
sequence (ENSLAFP00000003061) were incomplete. Macaca mulatta
RASL11A protein sequence (ENSMMUP00000010358) was manually curated.
The N-terminal peptide MVAVSSGSGPRSRSPAERLEPQAASSPANRTA-
SAIVSSAASAPAPPVSSGKGRRRGGAGAAAALPGAPSPLKAAGLDS-
CAGSRRGPGLLVPLSQLAIRLRVRRGPVCSACAPDRGTRSMR was
removed because it is not part of any other RASL11 homologous protein.
Alignment analyses revealed that the Rattus norvegicus RASL11A protein
sequence (NP_001002829.1) contains a C-terminus that is probably
wrong. Thus, the rat RASL11A protein sequence was manually curated
by comparing the mouse RASL11A protein sequence to the rat genome.
The N-terminal peptide MGTLRSYNGGEKEGEWGYPGDTQKYEE-
KKSWNLTSDVKGVVEVKEDSQDLGYS of the rat RASL11A protein
sequence was therefore changed to MRPLTMSGHFLLAPIPESSS-
DYLLPK. Neighbor-Joining by QuickTree [19] was then employed with
1000 bootstrap replicates. Trees based on Bayesian inference [20,21] and
Maximum Likelihood [22] were slightly less congruent with the species
tree (data not shown). The phylogenetic tree was visualized using NJplot
[23].

2.11. In silico analysis of predicted protein sequences and core
promoter sequence

Predicted amino terminal protein sequences were analyzed for the presence
of signal peptides, the position of cleavage sites and cellular localization using
SignalP (http://130.225.67.199/services/SignalP/index.html) [24], the NCBI
Conserved Domain Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shtml), SMART (http://smart.embl-heidelberg.de/) [25], and PSORT II (http://
psort.ims.u-tokyo.ac.jp/) [26]. The core promoter of the human RASL11B
gene was analyzed using the Transcription Element Search System (TESS;
http://www.cbil.upenn.edu/tess/) [27], MatInspector (http://www.genomatix.de/
products/MatInspector/index.html) [28], and Mapper (http://bio.chip.org/
mapper) [29] using standard parameters.

2.12. Sequence alignments

For sequence alignments, homologues of RASL11B were identified as
described above using only the NCBI GenBank reference sequence
(RefSeq) database. The retrieved sequences of homologues of the human
RASL11B protein (obtained from Mus musculus, Rattus norvegicus, Danio
rerio, Bos taurus, and Xenopus tropicalis) as well as of the human
RASL11A protein (Mus musculus and Rattus norvegicus) were aligned
using CLUSTALW 1.82 (http://www.ch.embnet.org/software/ClustalW.html)
and were formatted using ESPript 2.2 (http://espript.ibcp.fr/ESPript/cgi-bin/
ESPript.cgi) [30]. The rat RASL11A protein sequence (NP_001002829.1)
was manually curated as described above. Calculation of identity and
similarity was performed by using the NCBI BLAST 2 Sequences tool
using standard settings without using the filter function (http://www.ncbi.
nlm.nih.gov/blast/bl2seq/bl2.html).
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2.13. Calculation of conserved sequence motifs

Consensus sequences of the known RASL11 proteins and of each RASL11
subfamily cluster shown in the Supplemental Data were calculated and
visualized using VisCoSe (http://viscose.ifg.uni-muenster.de) [14].

3. Results

3.1. Messenger RNA sequence, genomic organization and
alternative splicing

RACE assays were performed to identify the 1962 bp of the
human RASL11B mRNA and to predict the genomic structure
of the human RASL11B gene (Fig. 1). The full-length
RASL11B mRNA is 9 bp longer at the 5′-end compared to
the sequence originally published in the public NCBI database.
3′-RACE revealed an additional RASL11B transcript with a 3′-
end 170 bp shorter than the coding sequence of the full-length
wild-type RASL11B transcript. Overall, the human RASL11B
gene spans about 4.5 kb on chromosome 4q12 and comprises
four exons encoding at least two different transcripts. The
positions and sizes of exons and introns are listed in Table 2.

The smallest exon of the wild-type RASL11B transcript is exon
2 with 57 bp and exon 4 is the largest with 1495 nucleotides.
Sizes of introns range between 618 bp (intron 1) and 1153 bp
(intron 2). All splice sites of the wild-type transcript have
canonical boundaries [31], starting the intron with ‘gt’ and
ending with ‘ag’. Sequences of the different RASL11B
transcripts identified in this study have been submitted to the
GenBank database (entries AY839725 and AY839726).

3.2. Predicted protein sequence, signal peptides and membrane
topology

The wild-type RASL11B transcript encodes a putative
protein of 248 amino acids with the open reading frame starting
at nucleic acid position 192 in exon 1 and the stop codon at
nucleic acid position 936 in exon 4 (see Figs. 1 and 2A).
According to SMART, the protein forms a characteristic RAS
GTPase domain (PFAM domain entry PF00071) with the
typical topology of a six-stranded β-sheet surrounded by five α-
helices [32]. According to PSORTII, the RASL11B protein has
a putative cleavage site at position 20 but contains no N-
terminal signal peptide. The amino acid sequence is mostly

Fig. 1. Schematic representation of the human RASL11B mRNAs and of the genomic organization of the human RASL11B gene. RACE and RT-PCR assays revealed
four exons encoding a transcript with a total length of 1962 bp (see also Fig. 2). The wild-type transcript is 9 bp longer than the GenBank reference transcript (entry
NM_023940). One shorter splice variant (named A) with a length of 766 bp was found. The ATG start and TGA stop codons are located in exons 1 and 4, respectively.
The RASL11B open reading frame is shown in grey. The exact positions of exons and introns are listed in Table 2.

Table 2
Positions of the exons comprising the human 4.5 kb RASL11B gene on chromosomal locus 4q12

Exon Exon size (bp) a Positiona Intron size (bp)a Splice acceptor sitea Donor acceptor sitea

intron′EXON EXON′intron

1 333 1,068,367–1,068,699 618 AGTCTGGGTC GGCAAGACCG′gtgagtcgtc
2 57 1,069,318–1,069,374 1153 tgacgtgcag′CACTGGTGGT AGAAATGCAG′gtgagacaat
3 77 1,070,528–1,070,604 780 gccttcatag′GTAATCTCTA AGGTATTCAG′gtgagaagct
4 1,495 1,071,385–1,072,879 – tctctttcag′GTCCATGAGA TCGCATTTGA
4a 299 1,071,385–1,071,683 – tctctttcag′GTCCATGAGA ATGTCTACAG

Sequences of the two RASL11B transcripts identified in this study have been published in the GenBank database with the accession nos. AY839725 and AY839726.
a Derived from the current GenBank Homo sapiens genomic DNA reference sequence of chromosome 4 (NT_022853.14).
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predictive for a cytoplasmic localization (57% probability)
according to the k-nearest neighbors classifier algorithm [33].
In agreement to this prediction, RASL11B has no prenylation
signal according to PrePS (Prenylation Prediction Suite; http://
mendel.imp.ac.at/sat/PrePS/index.html), indicating that this
protein is probably not anchored to cellular membranes. The
RASL11B splice variant encodes a putative protein of 191
amino acids. According to SMART, the shorter RASL11B
variant still contains a characteristic small GTPase domain but it
lacks the 57 amino acids of the C-terminus of the RASL11B
wild-type transcript which are highly conserved within the
RASL11 protein family (see Supplemental Data).

3.3. Putative regulatory elements in the core promoter

The core promoter of the human RASL11B gene immediately
upstream of exon 1 was analyzed using TESS, MatInspector
and Mapper to identify potentially regulatory elements and
transcription factor binding sites. These analyses revealed that
the region from the transcription start site to −2000 bp upstream
has a G/C content of 51%, lacks a TATA box within the first 100

nucleotides upstream of the transcription start site, but is
predicted to contain a CCAAT box and several Sp1 binding sites
within the first 200 bp. Sp1 and CCAAT binding proteins are
ubiquitously expressed and constitutively activate the transcrip-
tion of genes. They have not been, by themselves, implicated in
changing the rates of individual gene transcription in a
chromosomal context [34]. Mapper, MatInspector and TESS
analyses revealed no binding sites known to be involved in
TGF-β1 signaling, but a serum response factor (SRF) site was
predicted at position −441. The transcription factor SRF
activates genes involved in smooth muscle cell differentiation
and proliferation by recruiting muscle-restricted cofactors and is
both induced and activated by TGF-β1 [35–37].

3.4. Identification of homologous proteins

The formatted CLUSTALW alignment revealed a high
similarity between the RASL11A and RASL11B proteins
within the conserved RAS domain (Fig. 2B). Grade of identity
and similarity of RASL11 proteins in percent of the above
mentioned homologous proteins are shown in Fig. 2C. The

Fig. 2. Sequence of RASL11B mRNA and protein, and homology between members of the RASL11 protein family. (A) Nucleic acid sequence and predicted
amino acid sequence of human wild-type RASL11B. The mRNA sequence containing the open reading frame is shown in uppercase letters whereas the 5′- and
3′-untranslated region is shown in lowercase letters. Positions of the start codon (ATG) and stop codon (TGA) are printed in bold upper case letters. A
polyadenylation signal within the mRNA sequence is highlighted in bold lowercase letters. Splice sites are indicated using a ‘⊺’. A site of alternate
polyadenylation is marked with ‘⌉AAAAAAAAAA’. The amino acid sequence is shown in upper case letters below the nucleic acid sequence. The conserved domain
of the RAS protein family (Pfam accession no. PF00071) is highlighted using bold italic letters. The predicted RASL11B protein sequence of 248 amino acids is
identical to GenBank entry NP_076429. (B) ClustalW alignment of the RASL11B and RASL11A homologous proteins contained in the GenBank RefSeq
database. Only NCBI reference sequences of proteins with experimental evidence (according to the NCBI RefSeq sequence entry) which are homologous to
RASL11B and RASL11A were used (predicted sequences were excluded). Amino acids are shown in single letter code; gaps due to alignment are represented by
dots. Identical amino acids of all homologues are displayed with black background, residues which are conserved within the RASL11B or RASL11A group,
respectively, but are not conserved from one group to the other are highlighted with grey background. Similar amino acid residues are boxed. The five conserved
regions that contribute to the G-domain of small GTPases are indicated with bars. An asparagine residue in the switch 1 motif is indicated with an asterisk. This
residue is conserved within the RASL11 protein family but in other RAS-like small GTPases this amino acid is replaced by threonine [7]. This threonine residue
has been suggested to be important for stabilizing the GTP-bound form. Thus, it is likely that the asparagine substitution at this position affects the molecular
function of the RASL11 proteins. (C) Grade of identity and similarity of experimentally validated RASL11 proteins in the GenBank RefSeq database in percent.
Grade of identity and similarity at the protein level were calculated using the NCBI BLAST 2 Sequences tool using standard settings without using the filter
function (http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html). The following GenBank database entries were used: Homo sapiens RASL11B, NP_076429; Mus
musculus RASL11B, NP_081154; Rattus norvegicus RASL11B, NP_001002830; Bos taurus RASL11B, NP_001015635; Danio rerio RASL11B, NP_956434;
RASL11B, Xenopus tropicalis NP_001015774; Homo sapiens RASL11A, NP_996563; Mus musculus RASL11A, NP_081140, and Rattus norvegicus
RASL11A, NP_001002829. The following abbreviations are used: Bt, Bos taurus; Dr, Danio rerio; Hs, Homo sapiens; Mm, Mus musculus; Rn, Rattus
norvegicus; Xt, Xenopus tropicalis.
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sequence identity between the human RASL11B and the human
RASL11A amounts 54% and the similarity 74%.

3.5. Phylogenetic tree

The evolution of the RASL11 family is displayed in Fig. 3.
RASL11A, RASL11B and RASL11C form subfamilies (short-
hand A, B, C) probably due to duplication of an ancestral gene.
With few exceptions, the subfamilies follow species phylogeny
as can be checked with TreeSimplifier [38] or by manual
comparison with a standard species tree [NCBI taxonomy;
[39,40]]. In subfamily A, the dog and the rabbit sequences do
not fit, but corresponding subtrees have small bootstrap support
(55% and 42%, respectively). In subfamily B, the same
phenomenon occurs (bootstrap support 34% and 42%, respec-
tively). Furthermore, mouse and rat sequences of subfamily B
feature the frequently occurring dis-association with the primate
sister lineage, presumably due to the fast evolution of rodents in
comparison to primates [41–43]. The high congruence of gene
and species tree indicates that no further duplications of any
subfamily occurred, and there is no notable evidence for
duplications with subsequent losses leading to hidden paralogy
[44]. In other words, no birth and death processes are observed
as for, for example, ATP-binding cassette transporters [16].
Such a stable situation is particularly noteworthy for fish, which
usually feature a lot of gene duplications. Suppression of the
survival of duplicates of a gene may be explained by the
importance of the dosage (expression level) of the gene in
question [45]; if dosage is important, any paralogs are rapidly
wiped out (they become pseudogenes or get lost altogether) if
their continued expression leads to an imbalance in metabolism
or regulation. As will be described below, expression analysis of
RASL11A and RASL11B reveals that dosage is important for
these genes since their expression is anti-correlated at least in
some situations. Based on the data available, the placental
mammals have lost the C subfamily which may not be an
essential part of the relationship of RASL11B and RASL11A.

3.6. Conserved motifs

The VisCoSe alignment of the RASL11 proteins shown in
the phylogenetic tree in Fig. 3 revealed that the protein
sequence of the entire RASL11 protein family is highly
conserved within different species (see Supplemental Data).
Nevertheless, each subfamily has several amino acid residues
which are conserved within the subfamily. The degree of
conservation within each subfamily and the entire RASL11
protein family is obvious if a reduced amino acid alphabet is
used that reduces the complexity in protein sequences by
sorting amino acids with similarities into groups (see Sup-
plemental Data) [46].

3.7. Tissue-specific expression

We analyzed tissue-specific expression of the wild-type
RASL11B and RASL11A transcripts using real-time RT-PCR
with total RNA obtained from 37 different human tissues and

five different human cell types (Fig. 4). In the different tissues,
the RASL11B transcript was most abundant in placenta (more
than 900-fold expressed compared to bone marrow) followed
by spleen (232-fold), kidney (220-fold), brain (201-fold), ovary
(204-fold) and uterus (171-fold). In the cell types the RASL11B
transcript had the highest abundance in primary macrophages
(Fig. 4A). RASL11A showed an expression pattern different
from that of RASL11B (Fig. 4B). Expression of RASL11A
showed highest levels in colon tumor and normal colon tissue
(320- and 257-fold, respectively) followed by small intestine
(173-fold), liver (167-fold), jejunum (133-fold), ileum (132-
fold), bladder (111-fold), and aorta (108-fold). Lowest expres-
sion of RASL11A was observed in endothelial cells.

3.8. Expression of RASL11B is induced by TGF-β1

We have recently shown that TGF-β1 induces the expression
of the small Rab GTPase interacting factor SMAP-5 [11].
Furthermore, the promoter of RASL11B is predicted to contain
an SRF binding site, and SRF is known to be induced and
activated by TGF-β1 [35–37]. To test whether TGF-β1
modulates the expression of the small RAS-like GTPases
RASL11B and RASL11A, we analyzed expression of
RASL11B and RASL11A in human caSMCs treated with
10 ng/ml TGF-β1 for different times as indicated in Fig. 5. As
shown in Fig. 5A, TGF-β1 induced RASL11B expression in a
time-dependent manner. Up-regulation achieved a maximum at
8 h and was statistically significant after 2 h (6.2±3.1; pb0.05),
4 h (23.6±10.2; pb0.01), 8 h (29.0±12.8; pb0.01), and 24 h
(12.7±8.8; pb0.05). By contrast, TGF-β1 decreased expression
of the RASL11B homologue RASL11A in a time-dependent
manner (Fig. 5B). Down-regulation achieved a minimum at 8 h
and was statistically significant after 2 h (0.5±0.3; pb0.01),
4 h (0.5± 0.1; pb0.01), and 8 h (0.3±0.5; pb0.01).

3.9. Expression of RASL11B is increased during maturation
of THP-1 monocytes into macrophages

TGF-β1 promotes differentiation of the human promono-
cytic THP-1 leukemia cell line [47], and expression of
TGFB1 and TGFBR2 mRNAs is increased during phorbol
12-myristate 13-acetate-induced differentiation of THP-1
monocytes into macrophages [48]. This raised the question
how macrophage maturation influences expression of
RASL11A and RASL11B. We therefore investigated the
expression of both genes during phorbol 12-myristate 13-
acetate-induced maturation of monocytes of the human THP-1
leukemia cell line into macrophages. Real-time RT-PCR
analyses revealed that the expression of RASL11B mRNA is
induced more than ninefold within 6 days of phorbol ester-
induced maturation of THP-1 monocytes (7.1±1.5 fold after 4
days, pb0.01; 9.8±7.3 fold after 6 days, pb0.01; Fig. 6A).
In contrast, expression of RASL11A mRNA decreased about
tenfold during the differentiation of THP-1 monocytes into
macrophages (0.6±0.1 fold after 4 days, pb0.01; 0.1±0.1
fold after 6 days, pb0.01; Fig. 6B). Preliminary real-time RT-
PCR expression analyses were performed using primary
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monocytes and primary monocyte-derived macrophages
obtained from two individuals. During the differentiation of
the human primary monocytes into mature macrophages
within 14 days, the expression of RASL11B mRNA increased
between about 20- and 200-fold during the 14 days of
maturation of human primary monocytes confirming our
findings in THP-1 cells (data not shown).

4. Discussion

We cloned for the first time the full-length human RASL11B
transcript and identified a single shorter splice variant. The
physiological importance of the splice variant is unclear. The
identification of the 5′-end of the RASL11B mRNA allowed us
to analyze the core promoter of the human RASL11B gene in
silico. The core promoter contains GC box elements (Sp1 sites)
and lacks a TATA box as is typical for promoters of ubiquitously
expressed proteins. Consistent with this, RASL11B was
expressed in all analyzed tissues. Nevertheless, the expression
of RASL11B varies up to about 900-fold among the human
tissues and cell types tested. Highest levels of expression were
found in placenta, spleen, kidney, ovary, brain, uterus, testis, and

cultured primary macrophages. This suggests that additional
transacting factors may be involved in tissue- or cell-type-
specific expression of RASL11B.

The protein encoded by the RASL11B gene seems to be a
small RAS-like GTPase lacking characteristics of other RAS
proteins such as prenylation sites [5,6]. This is in accordance
with in silico analyses predicting a cytoplasmic localization of
the RASL11B protein. A comparison of the RASL11 protein
sequences obtained from different species revealed a high degree
of conservation within the entire RASL11 protein family.

To get insights into the function of RASL11B we analyzed
expression of RASL11B and of its closest human homologue
RASL11A during maturation of human monocytes into
macrophages and in human coronary artery smooth muscle
cells in response to TGF-β1. Both processes play an important
role in atherogenesis [11,49]. In the atherosclerotic vessel wall,
macrophages are a major source of TGF-β1, thus stimulating
neighboring smooth muscle cells to produce, for example,
extracellular matrix molecules [49].

Phorbol ester-induced maturation of THP-1 monocytes into
macrophages has opposite effects on the expression of
RASL11B (up-regulation) and RASL11A (down-regulation).

Fig. 3. Gene phylogeny of the RASL11 family. RASL11A, RASL11B and RASL11C form subfamilies (shorthand A, B, C). With few exceptions, the subfamilies
follow species phylogeny. The following abbreviations were used: Bt, Bos taurus (cattle, Hereford breed); Cf, Canis familiaris (dog); Dn, Dasypus novemcinctus
(nine-banded, long-nosed armadillo); Dr, Danio rerio (zebrafish); Et, Echinops telfairi (small Madagascar hedgehog); Ga, Gasterosteus aculeatus (three-spined
stickleback); Gg, Gallus gallus (chicken); Hs, Homo sapiens; La, Loxodonta africana (African bush elephant); Md, Monodelphis domestica (gray short-tailed
opossum); Mm, Mus musculus (house mouse); Oc, Oryctolagus cuniculus (European rabbit); Ol, Oryzias latipes (Japanese medaka or Japanese killifish); Pt, Pan
troglodytes (common chimpanzee); Rm, Macaca mulatta (rhesus monkey); Rn, Rattus norvegicus (brown rat); Tn, Tetraodon nigroviridis (green spotted puffer); Tr,
Takifugu rubripes (fugu, pufferfish); Xt, Xenopus tropicalis (Western clawed frog).
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The same pattern of regulation was observed in human coronary
artery smooth muscle cells in response to TGF-β1. The finding
that RASL11B and RASL11A were regulated in opposite
directions, both with the highest regulation 8 h after treatment
with TGF-β1, indicate that the expression of both genes is likely
regulated by the same pathway and that the encoded gene
products RASL11B and RASL11Amay have opposite functions.

The mechanisms behind the regulation of RASL11B and
RASL11A expression during TGF-β1 stimulation of coronary
artery smooth muscle cells are yet not clear. It is likely that
TGF-β1 induces RASL11B expression in coronary artery
smooth muscle cells via the transcription factor SRF. The
RASL11B promoter contains a SRF binding site and in
myofibroblasts it was shown that TGF-β1 induces and activates
SRF, thus inducing expression of SRF target genes [35–37].
How expression of RASL11B and RASL11A is regulated
during macrophage maturation is also not clear. It has been
shown that there is minimal TGF-β1 secretion by unactivated
monocytes whereas mature and activated macrophages secrete
TGF-β1 [50]. Thus, the increase in RASL11B expression
during macrophage maturation may occur as a consequence of
increased TGF-β1 secretion. However, further studies are
required to test these hypotheses.

So far, nothing is known about the physiological role of
RASL11B. The closest human homologue of RASL11B is

Fig. 5. Time-dependent regulation of RASL11B and RASL11A mRNA
expression in human vascular smooth muscle cells treated with 10 ng/ml
transforming growth factor-β1 (TGF-β1) as measured by real-time RT-PCR
analyses. (A) RASL11B mRNA was significantly up-regulated after 2 h (6.2±
3.1; pb0.05), 4 h (23.6±10.2; pb0.01), 8 h (29.0±12.8; pb0.01), and 24 h
(12.7±8.8; pb0.05). Cells not treated with TGF-β1 were used as reference.
Fold changes were calculated to control cells and normalized to mRNA levels of
the 14 kDa signal recognition particle (SRP14), expression of which was not
affected by TGF-β1 (not shown). (B) RASL11A mRNA was significantly
down-regulated after 2 h (0.5±0.3; pb0.01), 4 h (0.5±0.1; pb0.01), and 8 h
(0.3±0.5; pb0.01). Symbols used are: ⁎pb0.05; ⁎⁎pb0.01.

Fig. 4. RASL11B expression in different tissues and cultured cells as measured
by real-time RT-PCR analyses. (A) Fold changes were calculated using
RASL11B mRNA expression in bone marrow as reference. In cultured cells,
highest RASL11B expression was detected in primary macrophages. In tissues,
highest levels of RASL11B mRNA were found in placenta, spleen, kidney,
brain, ovary, and uterus. (B) RASL11A expression was different compared to
that of RASL11B. Expression of RASL11A showed highest levels in colon
tumor and normal colon tissue and was high in small intestine, liver, jejunum,
ileum, bladder, and aorta. Cultured cells showed relatively low expression of
RASL11A. In both cases, expression values were normalized to the geometric
mean of the most stably expressed housekeeping genes 14 kDa signal
recognition particle, H3 histone family 3A and DNA directed RNA polymerase
II polypeptide K.
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RASL11A, which was first cloned and described by Louro et al.
[7]. The authors of this study hypothesized that RASL11A,
which was shown to be down-regulated in prostate tumors, may
have a tumor suppressor role in prostate cancer, but no
experimental data supporting this hypothesis is available. In
the tumor tissues investigated in our study, expression of
RASL11B was similar or slightly lower compared to that in
normal tissues. However, no data is available supporting a
functional role of RASL11B in tumor development.

Further studies are required to elucidate the physiological
importance of RASL11B for macrophage maturation and TGF-
β1 signaling processes. Nevertheless, because RASL11B is
involved in TGF-β1-mediated processes, it may play a role in
development or disease conditions such as inflammation,
cancer, and arteriosclerosis.
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