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Cloning and functional characterization of
a new Ski homolog, Fussel-18, specifically
expressed In neuronal tissues
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The Sloan Kettering Virus (Ski) family of nuclear oncoproteins represses transforming growth factor-f (TGF-p)
signaling through inhibition of transcriptional activity of Smad proteins. Here, we report the discovery of a new
functional Smad suppressing element on chromosome 18 (Fussel-18). Fussel-18 encodes for a protein of 297
amino acids sharing characteristic structural features, significant homology and similar genomic organization
with the homolog Ski family members, Ski and Ski-related novel sequence (Sno). In contrast to Ski and Sno,
which are ubiquitously expressed in human tissues, in situ hybridization, RT-PCR, Western blot and
immunohistochemistry revealed a highly specific expression pattern for Fussel-18 in neuronal tissues,
especially in the cerebellum, the spinal cord and dorsal root ganglia, during both embryogenesis and adult
stage. Functionally, we determined interaction of Fussel-18 with Smad 2 and Smad 3 together with an inhibitory
activity on TGF-p signaling. Fussel-18 is the first example of a Smad-binding protein with a highly restricted

expression pattern within the nervous system.
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Transforming growth factor-f (TGF-f) signaling from
the cell membrane to the nucleus is mediated by the
Smad family of proteins regulating cell growth, cell
proliferation, differentiation and apoptosis.”? In the
absence of TGF-ff, Smad proteins are distributed in
both the nucleus and cytoplasm.®* After stimulation
by TGF-f, Smad2 and Smad3 become phosphory-
lated by the activated TGF-§ receptors and oligo-
merize with Smad4.*® Subsequently, these Smad
complexes accumulate in the nucleus where they
interact with other transcription factors,® bind to
DNA and activate transcription of TGF-f target
genes. Among the negative regulators of Smad
function as Smad-7, Sloan Kettering Virus (Ski)
etc, and Ski-related novel sequence (Sno) are two
highly conserved members of the Ski family of
proto-oncoproteins. High levels of Ski or SnoN are
associated with many types of human cancer cells.”®
Ski or SnoN antagonize TGF-f signaling through
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direct interaction with Smad4, Smad2 or Smad3.° 2
A 8-bp palindromic sequence (GTCTAGAC) was
initially identified to be a high-affinity binding site
for Ski."® However, Ski cannot bind to this sequence
directly. Instead, Ski binds to this site along with
Smad3 and Smad4™ leading to the hypothesis that
Ski may bind to the GTCTAGAC sequence indirectly
through interaction with Smad4 or Smad3. Ski
and SnoN interaction with Smad4 is constitutive,
whereas Ski and SnoN interact with Smad2 and
Smad3 in a TGF-fS-dependent manner.**"” Ski
may also inhibit TGF-f-induced transcriptional
responses by competing with Smad2 and Smad3
binding to Smad4."®*° In addition, Ski has also been
reported to inhibit TGF-f signaling by suppressing
Smad2 phosphorylation by the receptor.?® The
mechanism of Ski-mediated repression of TGF-f
signaling has been primarily attributed to transcrip-
tional modulation, through recruitment of the
nuclear corepressor (N-CoR) and histone deacety-
lase complex (HDAC) as well as interference of
Smad-mediated binding to the transcriptional co-
activator, p300/CBP.

Here, we describe the identification of a novel
human gene, functional Smad suppressing element
on chromosome 18 (fussel-18), encoding for a Ski



homolog protein, which is characterized by a ski
homolog domain and a SAND domain. The new
member shares 30.8% amino-acid identity and
53% cDNA sequence identity with Ski. Fussel-18
encodes for a protein of about 30kDa and 297 amino
acids, respectively. Interestingly, in contrast to the
broad expression patterns previously determined for
the other members of the ski gene family, fussel-18 is
specifically expressed in the nervous system.

Materials and methods
Blast Searches, Homology Searches

The human genome (NCBI), EST and IMAGE gene
banks were searched for Ski homologous proteins
using the BLAST algorithm. Comparisons of DNA
and amino-acid homology, construction of molecu-
lar phylogenetic trees and Kyte—Doolittle-Blots were
performed using the DNAman software (Lynnon
Biosoft, USA).

Cell Lines and Cell Culture Conditions

Three cell lines were used: 293T cell line (ATCC
CRL-1573), a glioblastoma cell line HTZ-17 (gift from
U Bogdahn, University of Regensburg, Germany)
and the melanoma cell line Mel Im (generous gift
from Dr Johnson, University of Munich, Germany).
All were maintained in DMEM supplemented
with penicillin (400 U/ml), streptomycine (50 ug/ml),
L-glutamine (300 pg/ml) and 10% fetal calf serum
(Sigma, Deisenhofen, Germany) and split 1:5 ratio
every 3 days.

Semiquantitative PCR Analysis

To perform semiquantitative PCR, RNAs were
obtained from Clontech (Heidelberg, Germany) and
Ambion (Austin, USA). First strand cDNA was
synthesized using 2 ug of total RNA, 1ug random
primer (Pharmacia, Freiburg, Germany), 4 ul 5 x first
strand buffer (Invitrogen, Groningen, The Nether-
lands), 24l of 0.1 M DTT, 1 ul of 10mM dNTPs and
DEPC-water. The reaction mixture was incubated
for 10 min at 70°C, 200U of Superscript II reverse
transcriptase (Invitrogen) were added and RNA was
transcribed for 1h at 37°C. Reverse transcriptase was
inactivated at 70°C for 10min and the RNA was
degraded by digestion with 1 ul RNase A (10 mg/ml)
at 37°C for 30 min.

Expression Analysis

To screen for mRNA expression semiquantitative
PCR was performed (PTC-200, Biozym, Hess. Old-
endorf, Germany) using the following gene-specific
primers and f-actin primers for standardization
(hFussel-18 for 380: 5’-gcaagtcgttcctgggegaaa-3';
hFussel-18 rev 623: 5'-gagttgaagttggctgegtc-3'; f-
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actin for 723: 5'-ctacgtcgccctggacttcgage-3'; f-actin
rev 1107: 5'-gatggagccgccgatccacacgg-3'). The PCR
reaction was performed in a 50yl reaction volume
containing 5 ul 10 x Tag-puffer, 1 ul of cDNA, 1 ul of
each primer (20 uM), 0.5 ul of dNTPs (10 uM), 0.5U
of Taq polymerase and 41 ul of water. The following
PCR program was used: 32 cycles of 1 min at 94°C,
45s at 64°C and 1min at 72°C, final extension of
2min at 72°C. PCR products were separated on a
1.5% agarose gel, stained with ethidium bromide
and documented. All PCR reactions were repeated at
least three times.

For further experiments we isolated RNA from
human cerebellum tissue using the RNeasy kit (Qia-
gen, Hilden, Germany). Approximately 0.4 cm?® tissue
were homogenized in lysis buffer by sonification. RNA
was purified from lysis buffer with RNeasy spin
columns. 1/10 of the RNA was used for each RT-PCR.

Whole Mount In Situ Hybridization

Whole mount in situ hybridization was performed
essentially as described.”” Radioactive in situ hy-
bridization of 33P-labeled cRNA probes to paraffin-
embedded embryo sections was described in detail
previously.*” As a probe, a 522-bp fragment obtained
from the human fussel 18 cDNA were amplified by
PCR using following primers fussel18 fw 101: 5'cca
acc tca aac cca acc ag3’ and fussel18 rev 623: 5'gag
ttg aag ttg gct geg tc3’ and subcloned into pCRII-
TOPO. Owing to the high homology between the
human and mouse fussel 18 cDNAs, this probe was
also used for hybridizations of murine tissues.

Western Blot Analysis

Approximately 0.4cm® tissue were homogenized
by sonification in 200 ul RIPA-buffer (Roche) and
incubated for 15min at 4°C. Insoluble fragments
were removed by centrifugation at 13 000rpm for
10min and the supernatant lysate was stored at
—20°C. RIPA-cell lysate was loaded and separated
on 10% SDS-PAGE and subsequently blotted onto
PVDF membrane. After blocking for 1h with 3%
BSA/PBS the membrane was incubated for 16 h with
a primary antibody (polyclonal anti-Fussel-18 rabbit
antiserum (1:200) against the c-terminal peptide
generated by BioGenes GmbH, Berlin), p-actin
(Sigma, 1:2500). For peptide-blockade 5 ug/ml pep-
tide of Fussel-18 was given to the primary antibody.
Then the membrane was washed three times in PBS,
incubated for 1h with an alkaline phosphate-
coupled secondary antibody (Chemicon) and then
washed again. Finally, immunoreactions were
visualized by NBT/BCIP (Zytomed) staining.

Immunohistochemistry

Paraffin-embedded serial sections of human adult
cerebellum were screened for Fussel-18 protein

1331

Laboratory Investigation (2005) 85, 1330—-1341



Fussel-18, a new cerebellum-specific Ski homologue
S Arndt et al

1332

expression and additional for glial or neuronal
expression with different markers by immunohisto-
chemistry. The tissues were deparaffinized, rehy-
drated and subsequently incubated with primary
rabbit anti-Fussel-18 antibody (BioGenes GmbH,
Berlin, Germany, 1:20) or pretreated with citrate
buffer, pH6 for 1h at 90°C and incubated with
primary mouse anti-Synaptophysin- (Progen Bio-
technik GmbH, Heidelberg, Germany, 1/50), anti-
GFAP- (Dako, Germany, 1/50) or antineurofilament
antibody (DAKO, 1/50) overnight at 4°C. The
secondary antibody (biotin-labeled anti-rabbit/anti-
mouse, DAKO) was incubated for 30 min at room
temperature, followed by incubation with streptavi-
din-POD (DAKO) for 30 min. Antibody binding was
visualized using AEC-solution (DAKO). Finally, the
tissues were counterstained by hemalaun solution
(DAKQO). The evaluation of the staining was per-
formed semiquantitatively by light microscopy.

Immunofluorescence

In all, 5 x 10° HTZ-17 glioblastoma cells were grown
on a four-well chamber slide for 1 day, washed with
PBS and fixed with 4% paraformaldehyde for
15min, incubated for 5min with 0.1% Triton-X-
100 (Sigma) for permeabilization of the cell mem-
brane, washed again and covered with blocking
solution (PBS/1% BSA) for 1h. Thereafter, cells
were incubated with Fussel-18 antibody (1:20) for
1h by room temperature. After washing the cells,
they were incubated with secondary antibody (Cy3-
conjugated Affinpure goat anti-rabbit IgG F (ab)
antibody (1:10), Jackson Immunoresearch, USA) for
1h followed by washing with PBS. After mounting
with Hard Set Mounting Medium with DAPI
(Vectashield, H-1500) images were collected by
fluorescence microscopy.

Subcellular Proteome Extraction

In all, 3 x10° 293T cells were seeded into each
well of a six-well plate and transfected with
0.5ug plasmid DNA (pCMX-PL2-Flag-fussel-18)
for 24h. Protein isolation for membrane, cyto-
plasm and nuclear fraction was performed using
the ProteoExtract Subcellular Proteome Extraction
Kit from Calbiochem as described by the manu-
facturer (Calbiochem, EMD Biosciences, Darmstadt,
Germany).

Co-Immunoprecipitation

In all, 3 x 10° Mel Im melanoma cells were seeded
into each well of a six-well plate and transfected
with 0.5ug plasmid DNA (pcDNA3-FLAG-c-Ski,
pCMX-PL2-Flag-Fussel-18, = pcDNA3-Smad2 or
pcDNA3-Smad3) for 24h. These cells were used
because transfection of these cells is well esta-
blished in our lab. For co-immunoprecipitation cell
lysates of Mel Im cells were incubated with 5 ug of
anti-Flag M2 monoclonal antibody (Sigma) with
shaking at 4°C overnight. Then 20ul protein G
Sepharose 4 Fast Flow (Amersham, Biosciences)
was added for 1h, pelleted, washed three times with
PBS, resuspended in Laemmli’s buffer, heated at
95°C for 10min and separated on 10% SDS-PAGE.
Smad2 and Smad3 were detected by Western
blotting using the anti-Smad3 (H-2) antibody from
Santa Cruz Biotechnology which also recognizes
Smad 1 and Smad2.

Transfection and Reporter Gene Assay

For transient transfections 2-3 x10° 293T cells
were seeded into each well of a six-well plate
and transfected with 0.5 ug plasmid DNA using
the lipofectamine plus method (Gibco) according to
the manufacturer’s instructions. The cells were
lysed 24h after transfection and the luciferase
activity in the lysate was quantified by a lumino-
metric assay (Promega Corp., Madison, USA).
Transfection efficiency was normalized according
to renilla luciferase activity by cotransfecting 0.1 ug
of the plasmid pRL-TK (Promega). All transfections
were repeated at least four times. For transient
transfection the plasmids (CAGA)e-Luc (generous
gift from Steven Dooley, University of Mannheim,
Germany), pcDNA3-FLAG-c-Ski or pCMX-PL2-Flag-
Fussel-18 were cotransfected for 4h, followed by
washing the cells with PBS and stimulation with
10ng of TGF-f-3 for 20h. All reporter gene assays
were repeated at least four times.

Results

Identification of a New Member of the Ski Gene
Family

BLAST searches of the human EST and IMAGE
databases identified several clones with high homo-
logy to the ski cDNA sequence. These clones were

Figure 1 Comparison of human ski, sno and fussel-18 sequences. (a) Complete cDNA sequence of fussel-18. The start codon is marked in
bold, the stop codon in bold and italic. (b) Sequence alignment of human Ski, Sno and Fussel-18 amino-acid sequences. Conserved
amino acids are in white letters on a black background. The underlined Cys,—His, zinc binding module is a part of the SAND domain and
conserved in all members of the Ski/Sno family. The peptide used to generate a polyclonal rabbit anti Fussel 18 antiserum is framed. (c)
Homology between Ski, Sno and Fussel-18 on protein level shown as a homology tree. The tree was constructed using the program
DNAman based on the alignment of the complete coding region. The length of each horizontal line is proportional to the degree of protein
sequence divergence. (d) Schematic diagram of the structural organization. The conserved Ski homolog regions of Ski, Sno and Fussel-18

are shown. The amino-acid homology of this area is indicated in %.
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allocated to the following three groups: The first
group comprised partial or full-length ski cDNA
clones, the second group partial or full-length sno
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cDNA clones. The third group was assembled to a
novel homolog gene and designated fussel-18. The
accession numbers are listed in Table 1.
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The complete cDNA sequence for human fussel-
18 is shown in Figure 1a. An alignment of the
amino-acid sequences of Fussel-18, Ski and Sno
is presented in Figure 1b, and displayed sche-
matically as a homology tree in Figure 1c. The
Ski family proteins show 29-37% amino-acid
homology.

The calculated molecular mass of Fussel-18 is
about 30kDa. A protein alignment between fussel-
18, Ski and Sno reveals high homology parti-
cularly within the SAND domain and the Ski
homolog region (Figure 1d). The SAND domain
(named after Sp100, AIRE-1, NucP41/75 and DEAF-
1) is an evolutionarily conserved sequence motif
found in a number of nuclear proteins that are
involved in chromatin-dependent transcriptional
regulation.

Table 1 ¢cDNA accession numbers

Gene Origin Accession no.

Ski Human NM_003036
Murine NM_011385

Sno (ski like) Human NM_005414
Murine NM_011386

Fussel-18 Human AY 669508
Murine NT_039675

a b

e~ £ B
Ay
E15 y

Expression Patterns of fussel-18 mRNA in Human
and Murine Tissues

To analyze the expression pattern of fussel-18
during embryonic development, in situ hybridiza-
tions on murine embryos and PCR studies of
embryonic and adult human tissues were per-
formed. Figure 2 shows both, whole mount in situ
hybridizations and radioactive in situ hybridiza-
tions, on sections from mouse embryos confirm-
ing the neuronal-specific expression of fussel-18
during mouse embryogenesis. Fussel-18 is already
expressed at E11 in a thin stripe anterior of the
fourth ventricle, which will form the future cere-
bellum (Figure 2a). In addition, strong staining
is also observed in the dorsal root ganglia that
are located lateral to the neural tube and belong
to the peripheral nervous system (Figure 2b and c).
At E13, in addition to these sides of expression,
fussel-18 is expressed in the dorsal, sensory part
of the spinal cord. Interestingly, although fussel-18
is expressed along the whole neural tube, strongest
expression levels are found in the more caudal
region (Figure 2d and e). Whole mount in situ
hybridizations on isolated brains from embryonic
stage E15 reveals fussel-18 expression in the
primordium of the cerebellum and the spinal cord
(Figure 2f-h), whereas no signal is found in other
regions of the developing brain. Control hybridi-
zations with a sense cRNA probe revealed no signal

Figure 2 Neuronal expression of fussel-18 during embryogenesis. Whole mount in situ hybridizations of mouse embryos of
developmental stages E11 (a—c) and isolated brains from E15 (f~h) together with radioactive in situ hybridizations on sections from
E13 (d and e) embryos showing neuronal expression of fussel-18. fussel-18 is specifically expressed in the primordium of the cerebellum
at E11, E13 and E15 (arrow in a, e, f and g), in the dorsal root ganglia (arrowheads in b, ¢ and e), and in the dorsal neural tube with
strongest expression in the more caudal region (arrowheads in d, f to h).
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(data not shown). In comparison, fussel-18 ex-
pression was analyzed by RT-PCR in human
embryonic and adult tissues by RT-PCR (Figure
3a). All PCR products were sequenced to con-
firm specificity. In agreement with the results
derived from the in situ hybridization on mouse
embryos, human fussel-18 revealed a highly
specific expression pattern in spinal cord, cere-
bellum and at very low levels in testis. In contrast,
ski and sno are expressed in a variety of tissues.?®
These data suggest that in contrast to ski and
sno that are ubiquitously expressed and pro-
bably fulfill a more general cellular function,
fussel-18 is supposed to be an important smad
regulatory factor of the nervous system which is
expressed early in embryogenesis and also in adult
tissues.

Expression of Fussel-18 Protein in Human
Cerebellum

To confirm the expression pattern of Fussel-18 also
on protein level, we generated a polyclonal anti-
serum against a c-terminal peptide of the Fussel-18
protein. This peptide shows no homology to the
other two members of the ski gene family and is
framed in Figure 1b. The antiserum against Fussel-
18 was characterized in a Western blot using 40 ug of
human cerebellum protein lysate (Figure 3b). The
specificity of the antibody was tested by competing
with 5 pg/ml of Fussel-18 c-terminal peptide. Two
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specific bands were detected about 30 and 60 kDa of
Fussel-18 protein.

Fussel-18 is Found in Cerebellar Glomeruli of the
Internal Granular Cell Layer (IGL)

Immunohistochemistry on paraffin-embedded hu-
man cerebellum serial sections revealed a punctu-
ate-specific expression pattern of Fussel-18 in
cerebellar glomeruli of the IGL (Figure 4a—c). The
granular cell layer has a complex architecture. It
contains cerebellar glomeruli, which are composed
of clusters of granular cell dendrites, mossy fiber
terminals and Golgi cell axons. Purkinje cell axons
also traverse the granular cell layer. Additionally,
few glial cells are localized in the granular cell layer.
To determine the cell types expressing Fussel-18 in
the cerebellar granular cell layer we used several
neuronal and glial markers. The expression pattern
of glial fibrillary acidic protein (GFAP), an inter-
mediate filament specific for glial cells, differs from
the expression pattern of Fussel-18 ruling out
expression of Fussel-18 expression in glial cells
(Figure 4d—f). Neurofilaments (NF) are specifically
expressed in axons. Colocalization of Fussel-18 with
NF was not determined (Figure 4g—i). Synaptophy-
sin is an integral membrane glycoprotein that
localizes to presynaptic vesicles of neurons. The
Fussel-18-staining pattern was highly similar to the
staining pattern of Synaptophysin in the IGL
suggesting that Fussel-18 is expressed in the non-
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Figure 3 Fussel-18 expression in human tissues. Expression pattern of fussel-18 was verified by semiquantitative PCR from
several human tissues. Expression of fussel-18 mRNA was detected in cerebellum and spinal cord and at very low levels in
testis. Western blot analysis of Fussel-18 confirmed the expression of Fussel-18 in cerebellum. As a control for the specificity of
the antibody we competed the binding of the antibody using 5 ug/ml peptide against Fussel-18. Two specific bands were detected about
30 and 60kDa.
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axonal compartment of the neuronal element of the  sections showed specific expression of Fussel-18 in
cerebellar glomerulus (Figure 4j—1). Immunohisto-  cerebellar glomeruli of the IGL (Figure 4m). Figure
chemistry on paraffin-embedded human cerebellum  4n confirms the specificity of Fussel-18 antibody by
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suppression of antibody binding with Fussel-18-
derived peptide.

Immunofluorescence on paraffin-embedded cere-
bellum sections confirms the specific expression
pattern of Fussel-18 (Figure 40). The suppression of
Fussel-18 antibody binding by peptide blockade is
shown in Figure 4p.

Immunofluorescence on Cells of the Nervous
System Detected Cytoplasmic and Nuclear
Staining of Fussel-18

Immunofluorescence observations on HTZ-17 glio-
blastoma cell line revealed staining of Fussel-18 in
the cytoplasm, and in the nucleus (Figure 5a/b). As
control for the specificity of the antibody we
incubated the cells without primary Fussel-18 anti-
body (Figure 5c).To confirm the cytoplasmic and
nuclear localization of Fussel-18, we performed cell
fractionation. We transfected 293T cells, which not
express Fussel-18, with pCMX-PL2-Flag-Fussel-18.
Afterwards we isolated the cytoplasmic-, nuclear-
and membrane fractions of the cells. Western blot
analysis with anti-Flag antibody detected high
expression of Fussel-18 mainly in the nucleus;

Fussel-18, a new cerebellum-specific Ski homologue
S Arndt et al

however, small amount of Fussel-18 were detectable
in the cytoplasm (Figure 6).

Several Genes of the TGF- and Bone Morphogenetic
Protein (BMP) Pathways are Expressed in Cerebellum

While it is tempting to speculate that in analogy to
Ski and Sno, Fussel-18 is involved in TGF-f- or
BMP-signaling pathways, we were interested if
single molecules of these pathways are expressed
in cerebellum and could be potential interacting
partners of Fussel-18. RT-PCR with human adult
cerebellum cDNA revealed expression of Smadi1-7,
TGF-$1-3, BMP R1A/B, BMP R1B, BMP2/7 and
Bambi in cerebellum (Figure 7) suggesting an
important role of the TGF-5/BMP pathways also in
nervous tissues.

Fussel-18 Directly Interacts with Smad2 and Smad3

In analogy to Ski and Sno we speculate that Fussel-
18 binds to Smad proteins. To this end, we
performed co-immunoprecipitations to analyze a
possible interaction between Fussel-18 and Smad
proteins. To enhance the binding of the two proteins

Figure 5 Immunofluorescence on cells of the nervous system detected cytoplasmic and nuclear staining of Fussel-18. (a/b)
Immunofluorescence staining of glioblastoma cells revealed staining of Fussel-18 in the cytoplasm, and in the nucleus (different
magnifications). (¢) As control for the specificity of the antibody we incubated the cells without primary Fussel-18 antibody.

Figure 4 Histological analysis of Fussel-18 expression in cerebellum sections. (a—¢) Immunohistology on paraffin-embedded cerebellum
serial sections showed specific expression of Fussel-18 in cerebellar glomeruli of the internal granular cell layer (IGL) (different
magnifications). (d—f) The expression pattern of GFAP differs from the expression pattern of Fussel-18. (g—i) The expression pattern of
neurofilament (NF) in the internal granular cell layer differs from the expression pattern of Fussel-18. (j-1) The expression of
Synaptophysin is colocalized with Fussel-18 in neural elements of the granular cell layer. (m/n) The specificity of Fussel-18 antibody was
confirmed by suppression of antibody binding with Fussel-18-derived peptide (n). (o/p) Immunofluorescence staining of Fussel-18 in
cerebellum sections confirmed the specific expression of this protein in cerebellar glomeruli of the internal granular cell layer (IGL) (o).
The specificity of Fussel-18 antibody was confirmed by suppression of antibody binding with Fussel-18-derived peptide (p).
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Figure 7 Several genes of the TGF-f and BMP pathways are
expressed in cerebellum. RT-PCR revealed expression of Smad1-
7, TGF-$1-3, BMP R1A/B, BMP R1B, BMP2/7 and Bambi in
human adult cerebellum.

we cotransfected Mel Im melanoma cells, which not
express Fussel-18, with pCMX-PL2-Flag-fussel-18
and Smad2 or Smad3, respectively, and for control
experiments with pCDNA3-Flag-ski. Figure 8b/c
demonstrates the interaction of Fussel-18 with
Smad2 and Smad3. Consistent with the published
observations® interaction of Ski with Smad2 and
Smad3 is found.

Fussel-18 Represses TGF-p Signaling

Ski has been reported to bind in a Smad-dependent
manner to the Smad-binding element that contains a
CAGA sequence.® To investigate the functional
activity of Fussel-18 on TGF-f signaling, we per-
formed luciferase reporter assays. We examined the
influence of Fussel-18 on TGF-§ signaling by
treating the ski-, fussel-18- or mock-transfected
293T cells with TGF-f3. As shown in Figure 9,
Fussel-18 inhibited the activation of (CAGA),-
Luc after TGF-f3 stimulation about four-fold and
consistent with the previous observations® the

Laboratory Investigation (2005) 85, 1330—1341

activation of (CAGA)y-Luc induced by TGF-f was
inhibited in ski-transfected cells.

Discussion

We identified the novel human gene fussel-18 as a
new member of the ski/sno family of transcriptional
corepressors. Furthermore, we analyzed the expres-
sion pattern of fussel-18 on mRNA and protein level.
In contrast to the broad expression pattern of Ski
and Sno, Fussel-18 is specifically expressed in the
nervous system suggesting that this protein has an
important function. In vertebrates, Ski and Sno
antagonize TGF-f signaling by binding to Smads.
Our analyses also demonstrate that the novel protein
Fussel-18 binds directly to Smad2 and Smad3 and
represses TGF-f signaling. Therefore, we named this
protein ‘functional Smad suppressing element on
chromosome 18’. The fussel-18 gene is localized on
chromosome 18. The protein is localized mainly in
the nucleus of cells of the nervous system. Histo-
logical analysis confirmed a punctuate expression
pattern of Fussel-18 specifically in the cerebellar
glomerulus of the granular cell layer. A cerebellar
glomerulus is a complex of synapses having a mossy
fiber ending (rosette) as its core, synapsing with
axons of Golgi neurons and dendrites of granular
cells. Mossy fibers are the main afferent input to the
granular cell layer of the cerebellar cortex. They
orginate from a multitude of areas in the brainstem
and spinal cord and terminate within the granular
cell layer.** Whole mount in situ hybridizations on
isolated brains from embryonic stage E15 reveals
Fussel-18 expression in the primordium of the
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Figure 9 Fussel-18 represses TGF-f signaling. To investigate the
functional activity of Fussel-18 on TGF-f signaling, we performed
luciferase reporter assays. We examined the influence of Fussel-
18 on TGF-p signaling by treatment of fussel-18-transfected 293T
cells with TGF-f3. Fussel-18 inhibited the activation of (CAGA)e-
Luc after TGF-$3 stimulation and consistent with the previous
observations,® the activation of (CAGA)e-Luc induced by TGF-f
was inhibited in ski-transfected cells.

cerebellum and the spinal cord (Figure 2f-h). We
suggest that this early expression of Fussel-18 in the
spinal cord may correlate with the emergence of the
mossy fibers. Each mossy fiber branches profusely in
the white matter. Each of this branches has multiple
(up to 50) swellings that contain round vesicles and
synaptic thickenings. Each swelling, called a ‘rosette’
is a synapse of the mossy fiber with the dendrite of a
granular cell. We suggest that the punctuate Fussel-
18 expression on paraffin-embedded cerebellum
sections (Figure 4a—c) may correlate with the mossy
fiber ‘rosettes’. Further staining and experiments
must proof this hypothesis.

Fussel-18 is the only known example of the Ski/
Sno family acting as a TGF-f antagonist specifically
in the nervous system.

Laboratory Investigation (2005) 85, 1330—-1341
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Da Graca et al* reported that the C. elegans
protein Daf-5, a Ski homolog that functions also in
neuronal TGF-§ pathways to regulate C. elegans
dauer development. It might be possible that Fussel-
18 also plays important roles during vertebrate
development. We could demonstrate that in early
stages of mouse embryogenesis fussel-18 is already
expressed in areas of the neuronal system.

We have further shown that several genes of the
TGF-$ and BMP pathways are expressed in cerebel-
lum (Figure 7). The TGF-p superfamily consists of
several subfamilies with more than 40 ligands.*® The
TGF-p subfamily has three members: TGF-f1, 2 and
f3. In the brain, TGF-f1 is expressed mainly in the
meninges.””*®* During early development, TGF-£2
and f3 are widely expressed in the central nervous
system (CNS).?® However, their expression is gen-
erally not associated with areas enriched with
dividing progenitor cells, suggesting that TGF-fs
are not involved in controlling mitosis in the CNS
(except in cerebellar granular neurons of external
granular cell layer).?® In the adult brain, TGF-f2 is
found in astrocytes as well as in large neurons and
cerebellar Purkinje neurons.’* TGF-$3 is widely
distributed throughout the postnatal brains although
at very low levels.?”?® In the cerebellum, TGF-f2 is
the predominant isoform produced by Purkinje cells
and by both proliferating and postmitotic granular
cells.®* TGF-$2 regulates the proliferation of cul-
tured cerebellar neurons.’’*? Additionally, it is
published that BMPs and their receptors are also
expressed in brain.*® However, very little is known
about the expression and distribution of Smad
proteins in the brain. Even less is known about
the role of Smads in the development and function
of the brain. Therefore, currently it is difficult to
speculate about possible functions of Fussel-18.

In summary, we show that Fussel-18 is predomi-
nantly expressed in the cerebellum and acts as a
new inhibitor of TGF-f signaling. This new protein
binds directly to Smad2 and Smad3 and expanded
the family of Ski/Sno proto-oncoproteins.
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