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Siah proteins function as E3 ubiquitin ligase enzymes to target the degradation of diverse protein substrates.
To characterize the physiological roles of Siah2, we have generated and analyzed Sieh2 mutant mice. In
contrast to Siahla knockout mice, which are growth retarded and exhibit defects in spermatogenesis, Siah2
mutant mice are fertile and largely phenotypically normal. While previous studies implicate Siah2 in the
regulation of TRAF2, Vavl, OBF-1, and DCC, we find that a variety of responses mediated by these proteins
are unaffected by loss of Siah2. However, we have identified an expansion of myeloid progenitor cells in the
bone marrow of Siah2 mutant mice. Consistent with this, we show that Siah2 mutant bone marrow produces
more osteoclasts in vitro than wild-type bone marrow. The observation that combined Siah2 and Siahla
mutation causes embryonic and neonatal lethality demonstrates that the highly homologous Siah proteins have

partially overlapping functions in vivo.

Tagging proteins with polyubiquitin chains, termed ubiquiti-
nation, induces their proteolytic degradation via the protea-
some. Ubiquitin-mediated proteolysis functions as a rapid
means of regulating cellular protein levels and is an important
regulatory mechanism in diverse cellular processes. The RING
domain-containing Siah (seven in absentia homologue) pro-
teins are involved in selecting substrates for ubiquitination.
Siah family proteins can mediate E3 ubiquitin ligase activity
either through direct binding to substrates (17) or by function-
ing as the essential RING domain subunit of larger E3 com-
plexes (26-28, 31, 47). To date, no other ubiquitin ligases that
exhibit this dual function have been identified. Overexpression
of Siah proteins induces the ubiquitin-mediated degradation of
diverse protein substrates, including nuclear transcription fac-
tors (B-catenin and c-myb), a transcriptional coactivator (OBF-
1), a corepressor (N-CoR), a cell surface receptor (DCC),
cytoplasmic signal transduction molecules (TIEG-1, TRAF2,
and Numb), an antiapoptotic protein (Bag-1), a microtubule
motor protein (Kid), and a protein involved in synaptic vesicle
function in neurons (synaptophysin) (4, 13, 17, 20, 21, 24, 28,
31, 42, 44, 48, 53, 56, 60). While these biochemical studies
implicate the Siah proteins in numerous signaling pathways,
the physiological relevance of these observations remains un-
clear.

Mice have three unlinked Siah genes—termed Siahla,
Siahlb, and Siah2 (8)—while humans have single SIAHI and
SIAH?2 genes (19). Siahla and Siahlb (collectively Siahl) en-
code 282-amino-acid proteins that differ from one another at
only 6 amino acid residues (98% identical). Siah2 encodes a
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325-amino-acid protein that, with the exception of a longer and
divergent N-terminal region, is 85% identical to Siahl pro-
teins. Consistent with this high degree of homology, both
Siahla and Siah2 can target DCC for proteolytic degradation,
suggesting that the Siah proteins may have overlapping func-
tions (21). However, the observation that TRAF2 is degraded
by Siah2, but not by Siahla, demonstrates that some biochem-
ical functions of the Siah proteins are unique to individual
family members (17).

Siah2 has been implicated in the regulation of the activity of
a number of molecules that control development and activa-
tion of the immune system. We previously demonstrated that
the Siah proteins share structural similarity with TRAF pro-
teins (36). TRAFs are a family of signaling adaptor proteins
(TRAFT1 to -6) that play important roles in innate and adaptive
immunity by mediating signal transduction from a variety of
receptors of the tumor necrosis factor (TNF) receptor super-
family and the interleukin-1 (IL-1) receptor/Toll-like receptor
superfamily (23). Overexpression of Siah2 induces the degra-
dation of TRAF2 and inhibits TNF alpha (TNF-a)-induced
NF-kB and Jun N-terminal protein kinase (JNK) activation
(17). Siah2 overexpression also inhibits signaling by Vavl (14),
a protein necessary for antigen receptor signaling in B and T
cells (49, 61). Finally, Siah2 interacts with the B-cell-specific
transcriptional coactivator OBF-1 (4).

In order to understand the physiological roles of the Siah
protein family, we aim to generate mice with mutations in each
of the Siah genes, singly and in combination. We have previ-
ously shown that Siahla knockout mice exhibit severe growth
retardation, frequently exhibit early lethality, and exhibit a
block in meiotic cell division during meiosis I of spermatogen-
esis (9). In the present study we characterize hematopoiesis in
Siah2 mutant mice and analyze signaling and cellular responses
that are mediated by TRAF, Vavl, and OBF-1 proteins. In
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contrast to the deleterious effects of Siahla mutation, mice
lacking Siah2 are largely phenotypically normal. Combined
mutation of Siah2 and Siahla induces neonatal lethality, con-
firming the prediction that Siah proteins have partially over-
lapping functions.

MATERIALS AND METHODS

Antibodies. Unless otherwise stated, antibodies were from BD Pharmingen.
The following anti-mouse antibodies were used in this study: anti-B220 (RA3-
6B2), anti-CD3 (145-2C11), anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-CD28
(37.51), anti-CD45.2 (104), anti-Gr-1 (RB6-8C5), anti-Mac-1 (M1/70), anti-
F4/80 (Caltag), and anti-immunoglobulin M (anti-IgM) (Fab’), fragments
(ICN).

Generation of Siah2 mutant mice. The Siah2 targeting construct was generated
by insertion of a neomycin resistance gene cassette (NeoR) into the BamHI
restriction site of a fragment of Siah2 genomic DNA (see Fig. 1A) isolated from
a 129Sv genomic \ phage library (8). A thymidine kinase (TK) resistance gene
cassette was inserted at the 5’ end of the targeting construct to allow for negative
selection. Transfection of J1 embryonic stem (ES) cells (25) and selection of
drug-resistant colonies was as previously described (9). Genomic DNA from
resistant clones was digested with EcoRI, and Southern blots were probed with
a 1-kb PCR fragment that lies 3’ of the region of DNA used in the targeting
construct. Homologous recombination introduces a new EcoRI site, leading to a
size shift of the hybridizing band from 13.2 to 3.7 kb. Four targeted clones were
isolated from 400 clones screened. Several male chimeras (95 to 100% agouti
coat color) were derived by injection of clone 8.4 targeted ES cells into C57BL/6J
blastocysts. Two chimeras transmitted both agouti coat color and the targeted
allele to progeny when mated to C57BL/6J mice. Analyses of homozygous mu-
tant mice were performed on both the 129Sv genetic background and on mice
whose genes had been backcrossed to the C57BL/6J background for 13 gener-
ations.

Primary cell culture and proliferation assays. Mouse embryo fibroblasts were
generated and cultured as previously described (12).

Single-cell lymphocyte suspensions were prepared from spleen, thymus, or
lymph nodes (mesenteric, inguinal, or axilliary) by crushing organs through a
wire mesh and passing them through a 40-pm-pore-size cell strainer (Becton
Dickinson). Red blood cells were removed from spleen suspensions by incuba-
tion for 5 min at room temperature in red cell lysis buffer (0.15 M NH,CI, 1 mM
KHCO;3, 0.1 mM EDTA [pH 7.2]), followed by two washes in phosphate-buff-
ered saline-2% fetal bovine serum (PBS-2% FBS). Cells were cultured in Dul-
becco’s modified Eagle medium supplemented with 10% fetal calf serum (FCS),
250 pM L-asparagine, 13 uM folic acid, penicillin (500 IU/ml), streptomycin (500
pg/ml) and 50 wM B-mercaptoethanol. Cultures were initiated at starting cell
densities of 2 X 10° splenocytes or lymphocytes/ml or 107 thymocytes/ml. Cul-
tures were mitogenically stimulated by addition of lipopolysaccharide (LPS)
(Escherichia coli 0111:B4; Sigma), anti-IgM (Fab’), fragments, or concanavalin
A (ConA) (Sigma) by plating in wells that had been coated for several hours with
anti-CD3 with or without anti-CD28 antibodies, or by plating in wells containing
3T3 fibroblasts expressing mCD40L (50) which had previously been cell cycle
arrested by treatment with 30 Gy of gamma radiation (**’Cs source; 0.75 Gy/
min). For proliferation assays, cells were cultured in 200-wl volumes in 96-well
plates. After 2 days, 1 pCi of [6-°H]thymidine (29 Ci/mmol; Amersham) was
added for the final 16 h of culture before harvesting onto glass filter paper with
several washes of water (Filtermate 196 Harvester; Packard). Incorporated ra-
dioactivity was determined by scintillation counting using Readysafe scintillant
(Beckman-Coulter) and a Tri-carb 2100TR liquid scintillation analyzer (Pack-
ard).

Bone marrow macrophages (BMM) were obtained by flushing femurs with a
23-guage needle and culturing whole bone marrow preparations for 3 days at a
starting density of 10° cells/ml in RPMI supplemented with 10% FBS, 30%
L-cell-conditioned medium (a source of macrophage colony-stimulating factor
[M-CSF], prepared as described in reference 43), penicillin (500 TU/ml), strep-
tomycin (500 wg/ml), and 50 uM B-mercaptoethanol. Nonadherent cells were
removed and transferred to 96-well plates at 2 X 10° cells/well, and BMM were
grown to confluence over 5 days. Fresh medium was added on the third day. Cells
were starved of M-CSF for 24 h by growth in the absence of L-cell-conditioned
medium prior to restimulation with recombinant human CSF-1 (Chiron) with or
without LPS (E. coli 0111:B4; Sigma), poly(I) - poly(C) (Calbiochem), recombi-
nant mouse TNF-a (BD Pharmingen), or beta interferon (IFN-B) (BD Pharm-
ingen). DNA synthesis was assessed by the addition of 1 p.Ci of[6-*H]thymidine
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for the final 8 h of culture. Cells were lysed by freeze-thawing three times, and
incorporated radioactivity was quantitated as described above.

Osteoclasts were generated from bone marrow cells by culturing white blood
cells at a starting density of 10° cells per well on a 48-well plate. Cells were grown
in a-modified Eagle medium supplemented with 10% FBS, penicillin (500 TU/
ml), streptomycin (500 pg/ml), and 50 uM B-mercaptoethanol. Glutathione
S-transferase (GST)-RANKL fusion protein (100 ng/ml; purified from a con-
struct kindly provided by F. Patrick Ross, Washington University School of
Medicine, St Louis, Mo.) and human CSF-1 (20 ng/ml; Genetics Institute Inc.)
were added to cultures to induce osteoclastogenesis. Cultures initiated with GST
plus CSF-1 did not yield osteoclasts (data not shown). Fresh medium was added
every 3 days. After 7 days, cells were fixed for 5 min at room temperature in 4%
paraformaldehyde in PBS, washed in a 1:1 mixture of acetone and methanol, and
dried before TRAP staining (37). Osteoclasts were scored as TRAP" multinu-
clear (more than three nuclei) cells.

Colony-forming cell assays. For agar colony-forming assays, 5 X 10* whole
bone marrow cells were cultured in 0.3% agar in Dulbecco’s modified Eagle
medium supplemented with 20% FCS and either recombinant human granulo-
cyte CSF (G-CSF) (1,000 U/ml; Amgen), recombinant murine granulocyte-mac-
rophage CSF (GM-CSF) (1,000 U/ml; Peprotech), recombinant murine M-CSF
(20 ng/ml; Peprotech), recombinant murine IL-3 (1,000 U/ml; Peprotech) or
stem cell factor (SCF) (approximately 100 ng/ml, derived from BHK-SCF-con-
ditioned medium [gift of S Collins, Fred Hutchinson Cancer Research Center,
Seattle, Wash.]), and recombinant human G-CSF (1,000 U/ml). Colonies were
counted after 7 days of culture. Agar colonies were fixed and floated onto glass
slides, air dried, and stained with hematoxylin to allow differential counting of
colony types. For methylcellulose colony-forming assays, 5 X 10* whole bone
marrow cells were cultured in 3% methylcellulose supplemented with 20% FCS,
recombinant murine IL-3 (1,000 U/ml; Peprotech), recombinant murine IL-6
(1,000 U/ml; Peprotech), SCF (as above), and recombinant murine erythropoi-
etin (2 U/ml; Janssen-Cilag). Colonies were counted after 12 days of culture.

In vivo antibody responses. Mice received intraperitoneal injections with 10 pg
of (4-hydroxy-3-mitrophenyl)acetyl (NP)-LPS in PBS or 100 pg of NP-keyhole
limpet hemocyanin (KLH) precipitated on alum as previously described (41).
Serum samples from nonimmunized or immunized mice were obtained by eye
bleeding. Clots were formed overnight at 4°C, and serum was recovered by
centrifugation for 1 min at 15,700 X g in a microcentrifuge. Ninety-six-well
enzyme-linked immunosorbent assay (ELISA) plates (Costar) were coated for
4 h at room temperature with NP,y-bovine serum albumin (BSA) (15 pg/ml) (41)
in PBS. Plates were washed with three washes each of (i) PBS containing a small
amount of Tween 20, (ii) PBS, and then (iii) water. Serial dilutions of serum
samples were incubated overnight at room temperature and washed as above,
and anti-mouse IgGl or IgM horseradish peroxidase-conjugated antibody
(Southern Biotechnology Associates, Birmingham, Ala.) was added for 4 h at
room temperature. All serum and antibody incubations were conducted in block
solution (PBS, 1% FBS, 0.05% Tween 20, 2% skim milk powder). Following a
final series of washes, horseradish peroxidase was detected by incubation in the
dark for 30 to 40 min at room temperature with 0.01% hydrogen peroxide and
2'2-azino-bis-(3-ethylbenzthiazoline sulfonic acid) (0.54 mg/ml; Sigma) dissolved
in 0.1 M citric acid (pH 4.4). Color development was quantitated by measure-
ment of absorbance at 405 nm minus absorbance at 490 nm.

NF-«kB and JNK assays. Mouse embryo fibroblasts (MEFs) stimulated with
recombinant murine TNF-a (0.2 ng/ml; Promega) were washed twice with ice-
cold PBS and harvested as described below for analysis of NF-kB DNA binding
activity by electrophoretic mobility shift assay (EMSA) and for JNK activation by
Western blotting.

Nuclear extracts for EMSA were prepared by incubating cells for 15 min on ice
in cytoplasmic lysis buffer (10 mM HEPES, KOH [pH 7.9], 10 mM KCl, 1.5 mM
MgCl,, 0.5 mM dithiothreitol, leupeptin [10 wg/ml], aprotinin [10 pwg/ml], pep-
statin [1 wg/ml], 0.5 mM phenylmethylsulfonyl fluoride [PMSF]), and this was
followed by addition of NP-40 to 0.59% final concentration, vortexing, and
spinning in a microcentrifuge at 15,700 X g. The nuclear pellet was extracted for
20 min on ice with frequent agitation in protein extraction buffer (420 mM NaCl,
20 mM HEPES-KOH [pH 7.9], 1.5 mM MgCl,, 0.2 mM EDTA, 25% glycerol, 0.5
mM dithiothreitol, leupeptin [10 pg/ml], aprotinin [10 pg/ml], pepstatin [1 g/
ml], 0.5 mM PMSF). Lysates were centrifuged in a microcentrifuge at 15,700 X
g and 4°C for 10 min to remove insoluble material. Cleared protein lysates were
quantitated using the Dc protein assay (Bio-Rad) using BSA as a standard.
EMSA reactions were undertaken in a 15-pl total volume, comprising 5 pg of
nuclear protein extract, 1 pl (1 X 10* to 3 X 10* cpm) of *?P-end-labeled kB3
probe (16), 1 wg of BSA, 1 ug of poly(dI:dC) (Sigma) and an appropriate volume
of 5X NF-«B binding buffer (50 mM Tris [pH 7.5], 0.5 M NaCl, 5 mM EDTA,
25% [vol/vol] glycerol, 0.5% NP-40, 5 mM dithiothreitol). The volume of 5X
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FIG. 1. Disruption of Siah2 by gene targeting. (A) Exons I, II, III, and IV of Siah2 are depicted as rectangles, the coding region of Siah2 is
shown in black, and untranslated regions are shown in white. The targeting construct containing a TK gene cassette and a neomycin resistance gene
cassette (NeoR) is depicted. DNA fragments used as the left and right arms of homology are represented by dashed lines. Homologous
recombination yields the targeted locus in which the NeoR cassette is inserted into exon IV and introduces a new EcoRI restriction site.
Abbreviations for restriction enzymes: B, BamHI; R, EcoRI. (B) Southern blot genotyping of progeny derived from an intercross of Siah2
heterozygous mice. Genomic DNA was digested with EcoRI and Southern blotted with a 1-kb probe located 3’ of the region of DNA used in the
targeting construct (probe in panel A). The positions of the 13.2-kb wild-type (WT) and 3.7-kb knockout (KO) alleles are shown. The migration
positions of known DNA molecular size markers are shown. (C) Northern blot analysis of 3 pg of poly(A)" RNA isolated from brains of wild-type
(+/+), heterozygous (+/—), and homozygous (—/—) Siah2 mutant mice. A 410-bp Scal-Dral fragment derived from the 3'-untranslated region of
exon IV of Siah2 was used as a probe. Probing with a fragment from the glyceraldehyde-3-phosphate dehydrogenase gene served as a loading and
transfer control. The migration positions of known RNA molecular size markers are shown. (D to G) Analysis of wild-type (D and E) and Siah2
mutant (F and G) ovaries by in situ hybridization using an antisense riboprobe derived from nucleotides 1159 to 1786 of the Siah2 cDNA. This
probe includes the final 110 bp of the Siah2 coding region and extends into the 3’-untranslated region of exon IV. (D and F) Light-field
illumination. Black triangles mark the positions of selected developing ovarian follicles. (E and G) Dark-field illumination. White triangles mark
the positions of the selected developing ovarian follicles marked in panels D and F. Note the absence of Siah2 expression in ovaries from Siah2 ™/~
mice.

NF-«kB binding buffer was calculated by assuming that the nuclear extract added toneuron apoptosis assays (33), and hematopoietic reconstitution (12) were all
to the reaction mixture represents a 1X contribution of binding buffer. The performed as described in the indicated references.
reaction mixture was incubated at room temperature for 20 min and then run on
a native 5% polyacrylamide-Tris-borate-EDTA gel at 200 V, before drying and
autoradiography.
Lysates for analysis of JNK phosphorylation were prepared by lysis of cells on RESULTS

ice in JNK lysis buffer (20 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM . , ; . .
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophos- Generation of Siah2-null mice. We generated a targeting

phate, 1 mM sodium orthovanadate, leupeptin [10 wg/ml], aprotinin [10 pg/ml], vector designed to inactivate the Siah2 gene by way of insertion
pepstatin [1 wg/ml], 0.5 mM PMSF). Lysates were cleared and quantitated as of a neomycin resistance gene cassette (NeoR) into exon IV
described above, and 30 ug of protein extract was analyzed by Western blotting (Fig. 1A). This insertion is predicted to truncate the Siah2
using an antibody that detects doubly phosphorylated (active) INK (V793A; . . id idue 180. As truncating mutations in
Promega). protein ;}t arpmo aci Fe.51 u 0. . g :

Additional techniques. In situ hybridization (7, 8), bone histomorphometry, Dr osophzla smna (at positions equlvalent to amino acids 219 and
and von Kossa staining (39), alizarin red-S and Alcian blue staining (32), mo- 221 in mouse Siah2) generate null alleles (6), homologous
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recombination is expected to abolish Siah2 function. We
screened J1 ES cells (25) using a positive (neomycin resis-
tance) and negative (TK) selection strategy to enrich for ho-
mologous recombinant ES cell clones. Of 400 clones screened
by Southern blotting, 4 clones displayed the predicted size shift
of the hybridizing band. Germ line-transmitting chimeras
yielded Siah2 heterozygotes, which were intercrossed to pro-
duce progeny of all three genotypes (Fig. 1B).

Northern blotting using a probe isolated from the 3’ un-
translated region of Siah2 revealed that expression of Siah2
mRNA is abolished by the mutation (Fig. 1C). This probe also
hybridized with a weakly expressed larger transcript in het-
erozygous and homozygous mutant mice. This band was also
detected using a probe spanning exons I and II and using a
NeoR probe, suggesting that this transcript results from read-
through of the NeoR cassette (data not shown). Siah2 mRNA
is expressed at low levels in most mouse tissues (8). We gen-
erated polyclonal and monoclonal antibodies that recognize
recombinant and overexpressed Siah2 in Western blotting and
immunoprecipitation (17), but these were of insufficient sensi-
tivity to detect endogenous Siah2 protein in any tissue or cell
line derived from wild-type mice (data not shown). To further
confirm loss of Siah2 expression, we performed in situ hybrid-
ization to developing ovarian follicles, a site where Siah2
mRNA is normally strongly expressed (7). When an antisense
riboprobe located 3’ of the insertion site was used for this
analysis we found that expression of Siah2 mRNA was lost in
mutant mice (Fig. 1F and G) while being evident in wild-type
mice (Fig. 1D and E), confirming that targeting of the locus
was successful. Siahl protein expression is not altered in
MEFs, lymphocytes, or tissues from Siah2 mutant mice (ref-
erence 12 and data not shown).

Phenotypic analysis of Siah2 mutant mice. Siah2 homozy-
gous mutant mice were born at the expected Mendelian fre-
quency from intercrosses of Siah2 heterozygous mice (29
Siah2*'":57 Siah2™'~:31 Siah2~'~) and, unlike Siahla mutant
mice, did not exhibit growth retardation or early lethality.
Siah2 mutant mice appear outwardly normal and healthy. As
Siahla mutant male mice exhibit a block in spermatogenesis
(9) and Siah2 is highly expressed in germ cells in the ovary and
testis (7), we analyzed reproductive tissues in Siah2 mutant
mice. Both male and female Siah2 mutant mice are fertile and
exhibit no histological abnormalities in ovaries (Fig. 1D and F)
or testes (Fig. 2A and B).

A number of studies link Siah2 to various aspects of neural
function. Firstly, Siah2 is highly expressed in the olfactory
neuroepithelium (8) and has been proposed to regulate apo-
ptosis of olfactory neuronal cells by inducing the degradation
of the antiapoptotic protein Bag-1 (42). While we have not
excluded subtle differences in cellular turnover, the olfactory
epithelium of mutant Siah2 adult (Fig. 2C and D) and neonatal
(data not shown) mice appeared histologically normal and
exhibited normal expression of a marker of olfactory neuronal
epithelium cells, OMP (Fig. 2E and F) (15). Secondly, Siah2
has been implicated in eye development in Xenopus laevis (5)
and Siah2 is highly expressed in the ganglion cell layer of the
mouse retina during embryogenesis (8). Siah2 mutant mice
reach for objects (such as a cage top) when lowered towards
them, indicating that they are able to see, and display no
histological abnormalities in any structures of the eye, includ-
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ing the retinal ganglion cell layer (Fig. 2G and D). Thirdly, to
investigate the hypothesis that Siah2 regulates neuronal apo-
ptosis (42) we investigated the survival of motoneurons follow-
ing unilateral transection of the facial nerve of adult mice (33).
After 14 days, counting the number of apoptotic cells in the
facial nucleus of the lesioned side in comparison to the unle-
sioned side revealed no significant difference in specific mo-
toneuron apoptosis between wild-type mice (20.9% = 5.2%; n
= 3 mice) and Siah2 mutant mice (15.2% * 1.3%;n = 4 mice).
Fourthly, findings that Siah2 can degrade the cell surface re-
ceptor DCC implicate Siah2 in the regulation of axonal path
finding (21). However, axonal connections in the brain whose
formation depends on DCC (10), including those of the corpus
callosum (Fig. 2I and J), hippocampal commissure (Fig. 2I and
J), and anterior commissure (Fig. 2K and L), are histologically
normal in Siah2 mutant mice. All other organs of Siah2 mutant
mice appeared to be histologically normal (data not shown).

Functional redundancy between Siah2 and Siahla in vivo.
To investigate the effect of combined mutation of two of the
three highly homologous murine Siah genes, we crossed het-
erozygous and homozygous Siah2 mutations into Siahla mu-
tant genetic backgrounds. While Siahla™'~ mice are born at
normal Mendelian frequency, approximately 70% of pups die
during the nursing period (9). We find that loss of a single copy
of Siah2 enhances this phenotype with all Siah2*/~ Siahla ™'~
pups dying before weaning. Twelve of sixteen pups died within
1 day of birth, and 15 of these pups were dead by day 5. This
phenotype of synthetic lethality was further enhanced by the
loss of both copies of the Siah2 gene. Siah2~'~ Siahla™'~ pups
were born at a sub-Mendelian ratio from the intercross of
Siah2~'~ Siahla™'~ mice (35 Siah2~'~ Siahla™'":57 Siah2~'~
Siahla™'~:19 Siah2~'~ Siahla’~, or 1:1.6:0.5) and all died
within hours of birth. Siah2 Siahla double-mutant pups were
the same weight at birth as Siahla single-mutant pups, were
born alive, exhibited normal breathing and reflexes, and did
not exhibit any overt histological defects (data not shown). The
cause of death of Siah2 Siahla mutant mice remains to be
identified. These findings demonstrate that as well as having
unique functions, Siah2 and Siahla perform partially overlap-
ping functions in vivo.

Normal immune system development in the absence of
Siah2 or both Siah2 and Siahla. As Siah2 has been implicated
in regulating the activity of proteins that are important in
immunity—including TRAF2, OBF-1, Vavl, and NF-kB—we
analyzed hematopoietic development in Siazh2 mutant mice.
Loss of Siah2 did not affect the cellularity of thymus, spleen,
lymph node, or bone marrow (data not shown), and flow cy-
tometry demonstrated that the percentages of cells in each
tissue that expressed T-cell markers (CD4 and CD8), B-cell
markers (B220, IgM, and IgD), granulocyte and monocyte
markers (Gr-1, Mac-1, and F4/80), or the erythroid marker
TER-119 were unchanged in Siah2~'~ mice (Table 1). To
investigate the effect of combined mutation of Siah2 and
Siahla on hematopoiesis, fetal liver cells from Siah2~'~ or
Siah2~'~ Siahla~/~ embryos (CD45.2 allotype) were adop-
tively transferred into irradiated host mice (CD45.1 allotype)
and the hematopoietic system was analyzed after long-term
reconstitution. Antibodies against CD45.2 and B-cell (B220),
T-cell (CD4 and CD8), and myeloid (Mac-1) lineage markers
demonstrated that fetal liver cells from Siah2 ™/~ or Siah2™/~
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FIG. 2. Histological analysis of Siah2 mutant mice. Hematoxylin
and eosin staining of seminiferous tubules from adult wild-type
(A) and Siah2~'~ (B) mice. Note the presence of elongated spermatids
and spermatozoa in wild-type and Sizh2~/~ mice. These cells are
absent in Siakhla~'~ mice (9). (C to F) Olfactory neuroepithelium in
adult wild-type (C and E) and Siah2~/~ (D and F) mice. Olfactory
epithelium is marked by triangles in hematoxylin-and-eosin-stained
sections (C and D) and by in situ hybridization, using an antisense
riboprobe corresponding to nucleotides 242 to 958 of the olfactory
marker protein cDNA, in dark-field illumination of sections (E and F).
(G and H) Retina from adult wild-type (G) and Siah2~/~ (H) mice.
The ganglion cell layer is marked by arrowheads in these hematoxylin-
and-eosin-stained sections. (I to K) Horizontal sections through brains
of wild-type (I and K) and Siah2~/~ (J and L) E18.5 embryos display-
ing axonal commissures of the corpus callosum (cc), hippocampal
commissure (hc) (I and J), and posterior (pAC) and anterior (aAC)
arms of the anterior commissure (AC) (K and L). The rostral part of
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TABLE 1. Flow cytometry analysis of hematopoietic lineages in
wild-type and Siah2 mutant mice®

% Positive white blood cells (mean

Organ and lineage + SD) from mice

marker(s)
Wild type Siah2~/~

Thymus

CD4" CD8™ 86.4 = 2.0 87.1 £0.9

CD4" CD8™ 8309 8.0 0.6

CD8" CD4~ 27+04 3.1x0.1
Spleen

CD4" CD8™ 10.8 = 1.2 11.6 = 0.2

CD8" CD4~ 11.1 = 1.7 10.1 =04

B220* IgM™* 52.1 £3.0 532*1.0

B220* IgD™" 50.8 £3.0 59.9 £2.0
Mesenteric lymph node

CD4" CD8™ 38.7+25 363 5.6

CD8" CD4~ 19.0 =23 228 £22

B220* IgM™* 25932 249 =57

B220* IgD™" 249 £24 215 £4.4
Bone marrow

B220" IgM ™ 17.6 = 1.0 212 £2.0

B220* IgM™* 9.2 £0.6 9.7 0.4

B220* IgD™ 7408 5807

Mac-1" 383 3.7 392 £24

Gr-1* ) 458 = 3.0 445+ 15

Mac-1*Gr-1ieh 183 +23 164 = 1.0

F4/80" 473 £2.7 485+ 28

TER-119" 243 £4.0 23914

“Three 8-week-old female mice of each genotype were analyzed. Data are
percentages of white blood cells positive for the indicated markers.

Siahla~'~ embryos functioned equivalently in reconstituting
the hematopoietic system of lethally irradiated mice (Table 2).
Thus, Siah2 and Siahla are dispensable for steady-state hema-
topoiesis.

Interestingly, semisolid colony-forming cell assays revealed
that bone marrow from Sieh2 mutant mice contains an ex-
panded myeloid progenitor compartment. Siah2 '~ bone mar-
row yielded 28% more CFU-GM colonies than wild-type bone
marrow in 12-day methylcellulose colony-forming cell assays
(Fig. 3A). This assay uses a cocktail of IL-3, IL-6, SCF, and
erythropoietin to support growth of all myeloid and erythroid
lineage progenitors. The frequencies of the earliest progenitor
cell in the myeloid-erythroid lineage (CFU-mixed lineage) and
of committed erythroid (CFU-E), granulocyte (CFU-G), and
macrophage (CFU-M) progenitor cells were unaffected by loss
of Siah2 under this cytokine stimulation (Fig. 3A). To further
define the cell type that is expanded in Siah2 mutant mice, we
assessed colony formation in 7-day agar colony-forming cell
assays using cytokines that induce growth of defined lineages.
In these assays, Siah2/~ bone marrow generated 20% more
colonies than wild-type bone marrow in response to M-CSF
but not in response to G-CSF, GM-CSF, IL-3, or G-CSF plus
SCF (Fig. 3B). Granulocyte, macrophage, and granulocyte-
macrophage colonies were present in the same percentages in

the brain is shown at the top (Cto F and I to L) or to the right (G and
H). Scale bars: 50 pm (A to H) and 200 pm (I to L).
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FIG. 3. Expansion of myeloid progenitors in Siah2 mutant mice.
(A) Twelve-day methylcellulose colony-forming cell assay of bone mar-
row from wild-type and Siah2~/~ mice. Bone marrow was obtained
from six mice of each genotype, and each sample was cultured in
duplicate with IL-3 (1,000 U/ml), IL-6 (1,000 U/ml), SCF (approxi-
mately 100 ng/ml), and erythropoietin (2 U/ml). Colony type was
assigned based on distinctive morphology, and mean colony numbers
are shown (error bars, standard errors of the means). *, statistically
significant difference between genotypes (P < 0.00003; Student’s ¢
test). (B) Seven-day agar colony-forming cell assay of bone marrow
from wild-type and Siah2 '~ mice. Bone marrow was obtained from six
mice of each genotype, and each sample was cultured in duplicate.
Data represent mean numbers of colonies (error bars, standard errors
of the means) after 7 days of culture with either G-CSF (1,000 U/ml),
GM-CSF (1,000 U/ml), M-CSF (20 ng/ml), IL-3 (1,000 U/ml), or SCF
(approximately 100 ng/ml) and G-CSF (1,000 U/ml). =, statistically
significant difference between genotypes (P < 0.001; Student’s ¢ test).
(C to F) Hematopoietic recovery assay after intraperitoneal injection
of wild-type and Siah2~'~ mice with 5-fluorouracil (150 mg/kg of body
weight). Peripheral blood was analyzed at the time of injection (day 0)
and 7, 14, and 28 days after injection for total white blood cell counts
(C), percentage of white blood cells expressing the common myeloid
marker CD11b (D), high levels of Gr-1 and CD11b (markers of mature
granulocytes) (E), or high levels of F4/80 (marker of macrophages)
(F). Data represent means + standard deviations (error bars) from
analysis of five wild-type and four Siah2~/~ mice.
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TABLE 2. Flow cytometry analysis of reconstitution of
hematopoietic lineages in irradiated mice by Siah2~'~ and Siah2~/~
Siahla™'~ fetal liver cells*

Organ and lineage % Positive cells (mean * SD) from mice

marker Siah2~'~ Siah2~'~ Siahla™'~

Thymus

CD45.2" 97.4 +0.5 939 +6.2

CD4* 779 £ 2.3 759 £ 42

CD8* 799 + 1.1 783 + 3.7
Spleen

CD45.2" 90.1 = 4.8 87.0 + 1.3

CD4* 183+ 1.1 13.0 = 0.5

CD8* 62 +0.8 51+1.1

B220" 580+12 592 +0.1
Bone marrow

CD45.2" 709 + 4.8 733 +43

B220" 43.0 +5.5 359 +6.9

Mac-17 439 + 6.7 46.8 + 1.8

“ Data represent the results of an analysis of three recipient mice 19 weeks
after adoptive transfer of fetal liver cells from Siah2~/~ or Siah2™/~ Siahla™'~
embryos and are percentages of total white blood cells that are derived from
donor fetal livers (CD45.2*) and percentages of CD45.2™" cells that express the
indicated T, B, and myeloid lineage markers.

M-CSF cultures derived from each genotype (data not shown),
demonstrating that the observed increase in colony number in
response to M-CSF does not result from expansion of a single
specific myeloid cell type.

The expansion of myeloid progenitor cells does not alter
steady-state levels of myeloid lineages in vivo, as the frequency
of expression of myeloid markers (Mac-1, F4/80, and Gr-1) is
normal in bone marrow (Table 1) and spleen and peripheral
blood (data not shown) of Siah2 mutant mice. To investigate
whether myeloid defects may be apparent during non-steady-
state hematopoiesis, we monitored hematopoietic recovery af-
ter elimination of progenitor cells and mature lineages by in-
jection of 5-fluorouracil. The recovery of white blood cell
counts (Fig. 3C) and of frequency of expression of myeloid cell
(Fig. 3D), mature granulocyte (Fig. 3E), and macrophage (Fig.
3F) markers were equivalent in wild-type and Siah2~/~ mice.
Red blood cell and platelet counts, and B- and T-cell frequen-
cies, also recovered normally (data not shown). Thus, even
during hematopoietic system repopulation, mechanisms of ho-
meostasis appear to act to maintain the normal production of
mature myeloid cells from an expanded population of progen-
itor cells in Siah2 mutant mice.

Enhanced osteoclast production in vitro, but normal in vivo
bone metabolism, in Siah2~'~ mice. Hematopoietic colonies
elicited by M-CSF in semisolid medium contain osteoclast pro-
genitors capable of both proliferation and differentiation in
vitro (58). To assess whether the expansion of M-CSF-respon-
sive colony-forming cells in Siah2 mutant mice might affect
osteoclast production, we induced in vitro osteoclast formation
from bone marrow in the presence of human CSF-1 (the hu-
man homologue of mouse M-CSF which can functionally sub-
stitute for M-CSF in mouse cells) and using purified GST-
RANKL as the osteoclastogenic stimulus (37). Bone marrow
from Siah2 mutant mice yielded almost twice as many oste-
oclasts as bone marrow from wild-type mice in these cultures
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FIG. 4. Osteoclast formation and analysis of bone structure in Sizh2 mutant mice. (A) Bone marrow cells from wild-type or Siah2~/~ mice were
cultured in 48-well plates at a starting density of 10° cells/well in the presence of CSF-1 (20 ng/ml) and GST-RANKL fusion protein (100 ng/ml)
for 7 days. Osteoclast formation was assessed by TRAP staining. TRAP™ multinuclear cells (three or more nuclei) were scored as osteoclasts. Data
represent means + standard error of means (SEM) derived from four independent experiments. In each experiment, bone marrows from two or
three mice were pooled and osteoclast formation was induced in five separate wells. Statistically significant differences between genotypes are
depicted (*, P < 0.001; Student’s ¢ test). (B) Bone marrow cells pooled from three wild-type and three Siah2~'~ mice were cultured in the presence
of human CSF-1 (10,000 U/ml) on 35-mm-diameter bacterial petri dishes at a starting cell density (1.2 X 10° cells/dish) equivalent to that of
cultures in panel A. Medium was replaced every 3 days, and the number of adherent cells was determined at day 7 by harvesting in 0.54 mM EDTA
in PBS. Data represent mean numbers of cells per plate + SEM (error bars) and are derived from six separate cultures of each genotype.
(C) Alizarin red-S (bone) and Alcian blue (cartilage) staining of wild-type and Siah2~/~ E17.5 embryos. (D) Representative sections of tibiae from
10-week-old female wild-type and Siah2~/~ mice, stained by a modification of the von Kossa technique (bone is stained black).

(Fig. 4A). Cultures from wild-type and Siah2~/~ mice that
were grown in the absence of GST-RANKL yielded equivalent
numbers of adherent cells (Fig. 4B), demonstrating that the
enhanced formation of osteoclasts does not simply reflect an
increase in proliferation of Siah2~'~ cells in response to
CSF-1. In light of this finding, and of the observations that
Siah2 mRNA is highly expressed in cartilage undergoing en-
dochronal ossification (8), we analyzed skeletal development in
Siah2~'~ mice. Alizarin red-S and Alcian blue staining of wild-
type and Siah2 mutant embryonic-day-17.5 (E17.5) embryos
revealed no differences between genotypes in cartilage and
bone development (Fig. 4C). Similarly, histomorphometric
analysis of tibiae from Siah2 mutant mice revealed no alter-
ations in bone size, structure, or numbers or in activity of
osteoclasts or osteoblasts in vivo (Fig. 4D and Table 3). Thus,
the enhanced formation of osteoclasts observed in vitro is not
reflected in vivo in Siah2~/~ mice.

Normal TNF-a-mediated signaling and cellular response in
Siah2 mutant primary cells. Since our previous structural, bio-
chemical, and genetic observations implicate Siah2 in the deg-
radation of TRAF2 (17, 36), we focused further analysis of
Siah2 deficient mice on signaling and cellular events that are
mediated by TRAF2 and other TRAF proteins.

TNF-a-induced activation of NF-kB is mediated by TRAF2
and TRAFS (46, 59), and TNF-a-induced JNK activation is
completely eliminated by loss of TRAF2 (59). As we have
shown that Siah2 regulates TRAF2 abundance in response to
treatment with TNF-a plus actinomycin D or cycloheximide,
and that overexpression of Siah2 inhibits TNF-a-induced
NF-«B and JNK activation (17), it was of interest to determine
whether TRAF2-mediated signal transduction is altered in
Siah2 mutant cells. We hypothesized that Siah2 may degrade
TRAF?2 in response to activation of TNF-a receptors and may
thus serve to limit the duration or magnitude of TNF-« sig-
naling responses. However, stimulation of wild-type and
Siah2~/~ primary MEFs with submaximal doses of TNF-a

revealed identical magnitude and time course of NF-kB and
JNK activation in each genotype (Fig. SA and B). Siah2~/~
Siahla='~ MEFs similarly displayed normal activation of
NF-«B and JNK in response to TNF-a (Fig. SA and B). Thus,
signal transduction by TRAF?2 is not altered by loss of Siah2
and Siahla in primary cells.

TNF-a induces signals that can lead either to apoptosis or to
cellular activation, proliferation, and differentiation (29). Most
cell types are resistant to the cytotoxic effects of TNF-a due to
the NF-kB-mediated induction of prosurvival signaling path-
ways (3, 55). Treatment with actinomycin D or cycloheximide
renders cells sensitive to apoptosis in response to TNF-a due
to inhibition of NF-kB-induced expression of antiapoptotic

TABLE 3. Histomorphometric analysis of bone structure and
remodelling in Siah2 mutant mice?

Mean * SD
Parameter

Wild type mice  Siah2™/~ mice
Femoral length (mm) 145 +03 143 0.2
Femoral width (mm) 1.45 = 0.10 1.31 = 0.05
Cortical thickness (um) 101 =3 97 £6
Trabecular bone volume (%) 6.9 *+24 59=*1.1
Trabecular no. (per mm) 20x0.5 20x0.3
Trabecular thickness (wm) 28.8 = 4.0 28.0 =24
Trabecular separation (pm) 686 = 184 571 = 105
Osteoblast surface (%) 25320 31534
Osteoid vol/bone vol (%) 3.8 +0.8 3.7x0.7
Osteoid thickness (wm) 2302 1.8+03
Mineral appositional rate (nm/day) 25 *0.6 1.9*0.1
Mineralizing surface (%) 14.0 + 3.2 19.9 + 3.6
Osteoclast surface (%) 10.2 0.9 13.1 220
Osteoclast no. (per mm of BPM) 3.0x03 3505

“ Data are means * standard errors of the means from an analysis of metaph-
yseal regions of tibiae from 8-week-old wild-type (n = 8) and Siah2™'~ (n = 7)
mice. No statistically significant difference among mice of different genotypes
was found for any parameter (by ANOVA and Fisher’s post hoc test). BPM,
bone perimeter.
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FIG. 5. Normal TNF-a signaling and cellular responses in Sizh2 mutant primary cells. (A) Nuclear extracts were prepared from wild-type,
Siah2~'~, and Siah2~'~ Siahla~'~ MEFs that were unstimulated (U) or treated with a submaximal dose of TNF-a (0.2 ng/ml) for 7, 30, or 70 min.
NF-kB binding activity was analyzed by EMSA after incubation of nuclear extracts (5 pg of total protein) at room temperature for 20 min with
%2p_radiolabeled kB3 double-stranded oligonucleotide. In each experiment, two or three independent MEF preparations of each genotype were
pooled prior to stimulation. (B) Pools of MEFs (as in panel A) were treated with a submaximal dose of TNF-a (0.2 ng/ml) for the indicated time
periods (minutes), and JNK activation was analyzed by Western blotting using an antibody that specifically detects doubly phosphorylated JNK.
(C) Wild-type or Siah2~'~ MEFs were treated with either TNF-« (10 ng/ml) [T(10)] or TNF-a (0.5 ng/ml) [T(0.5)] in the presence or absence of
actinomycin D (1 pg/ml) (A). Cellular viability was assessed after 10 and 16 h by flow cytometry and exclusion of propidium iodide by viable cells.
Data represent averages of duplicate determinations (range, less than 10% of the mean [not shown]) for each treatment, and similar results were
seen in two independent experiments. (D) Lymph node T cells pooled from two 8-week-old wild-type or Siah2~/~ mice were activated in vitro for
2 days with ConA (5 pg/ml), washed with a-methylmannoside (100 pg/ml) to remove ConA, and cultured for a further 2 days with IL-2 (100 U/ml).
Cells were treated with TNF-a (0.5 or 20 ng/ml) for 48 h and analyzed by flow cytometry using fluorescein isothiocyanate-conjugated anti-CD4,
phycoerythrin-conjugated anti-CD8, and 7-AAD. Specific CD8"-T-cell death was determined by calculating the percentage of total viable cells
(exclusion of 7-AAD) that stained positive for CD8 in untreated cultures minus the percentage in TNF-a-treated cultures. Data represent means
= standard deviations (error bars) of triplicate cultures for each treatment. (E) Thymocytes from 8-week-old wild-type or Siah2~/~ mice were
cultured in vitro for 64 h in the presence of a submitogenic dose of ConA (0.5 wg/ml) and increasing concentrations of TNF-a. Proliferation was
analyzed by [*H]thymidine incorporation for the final 16 h of culture. Data represent means * standard deviations (error bars) of triplicate
activations from each of three mice of each genotype.

genes. TRAF2 mutant MEFs are hypersensitive to apoptosis thymocytes treated in vitro with submitogenic doses of ConA
induced by TNF-a plus cycloheximide (59) and overexpression are induced to proliferate when the TNFR2 receptor is stim-
of Siah2 sensitized cells to the same treatment (17). However, ulated with TNF-a (51, 52). Thymocytes from Siah2 mutant
wild-type and Siah2 mutant MEFs were equally sensitive to mice proliferated equivalently to wild-type thymocytes when
apoptosis induced by TNF-a plus actinomycin D (Fig. 5C) or stimulated with TNF-a and ConA (Fig. SE). These findings
cycloheximide (data not shown). Mitogenically activated CD8™ demonstrate that loss of Siah2 does not modulate the sensitiv-
T cells undergo apoptosis in response to TNF-« in the absence ity of MEFs or T cells to TNF-a-mediated apoptotic or pro-
of RNA or protein synthesis inhibitors, a physiological process liferative responses.

that contributes to downregulation of immune responses in Normal lymphocyte proliferation, antibody production and
vivo by removing activated T cells (38, 45, 62). Activated CD8" macrophage activation in Siah2 mutant mice. It is possible that
T cells from wild-type and Siah2 knockout mice were equally Siah2 may regulate degradation of TRAF proteins other than
sensitive to the cytotoxic effects of TNF-a (Fig. 5D). Finally, TRAF2. Since TRAF family proteins transduce signals from a
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FIG. 6. Normal TRAF-, Vavl-, and OBF-1-mediated responses in Siah2 mutant mice and primary cells. (A) B-cell proliferation. Splenic white
blood cells from 8-week-old wild-type or Siah2~/~ mice were activated in vitro for 72 h with LPS (0.5, 1, 2, and 20 pg/ml) or anti-IgM (5 and 20
wg/ml) or by culture on irradiated 3T3 fibroblasts expressing CD40L (1,000 and 2,000 irradiated cells per well). Proliferation was analyzed by
[*H]thymidine incorporation for the final 16 h of culture. Data represent the means + standard deviations (SD) (error bars) of triplicate activations
from each of three mice of each genotype. (B) T-cell proliferation was analyzed as in panel A after stimulation of splenic white blood cells in 96-well
plates with ConA (0.5 pg/ml) or by culture in wells coated with anti-CD3 (5 and 10 wg/ml) or anti-CD3 (5 wg/ml) plus anti-CD28 (10 png/ml)
antibodies. (C and D) Wild-type (®) or Siah2~/~ (O) mice received intraperitoneal injections with 10 pg of the T-independent antigen NP-LPS
(C) or with 100 wg of the T-dependent antigen NP-KLH precipitated on alum (D). Serum samples were obtained at time points after immunization
and analyzed using an anti-NP and IgM-specific ELISA (C) or an anti-NP and IgG1-specific ELISA. Each circle in panel C represents the
absorbance reading obtained from a 1:1,585 dilution of serum from an immunized mouse (the absorbance reading was linear with respect to
dilution over the range 1:500 to 1:5,000), and each circle in panel D represents the absorbance reading obtained from a 1:10,000 dilution of serum
from an immunized mouse (the absorbance reading was linear with respect to dilution over the range 1:3,170 to 1:31,700). Mean values are shown
by horizontal lines. (E) Confluent BMM pooled from two wild-type or Siah2 '~ mice were starved of M-CSF for 24 h prior to stimulation for a
further 24 h with recombinant CSF-1 (10,000 U/ml) alone or in combination with LPS (0.1 pg/ml), poly(I) - poly(C) (pL.pC, 0.1 or 50 pg/ml), TNF-a
(1 or 100 ng/ml), or IFN-B (100 U/ml). DNA synthesis was measured by incorporation of [*H]thymidine for the final 8 h of culture. Data represent
means + SD (error bars) of triplicate stimulations.

range of receptors in diverse cell types, loss of Siah2 expression
may have phenotypic consequences that are cell type and/or
stimulus specific. To address this possibility we examined a
range of known TRAF-mediated cellular responses in Siah2
mutant mice and cells.

To assess TRAF-mediated lymphocyte proliferation in
Siah2~'~ mice, splenocytes were activated in vitro with LPS,
which requires TRAF6 for induction of B-cell proliferation
(30), or with CD40L, which requires TRAF2, TRAFS, and
TRAF6 for optimal B-cell proliferative responses (30, 34, 35).

B-cell proliferation in response to submaximal and maximal
doses of both mitogens was unaltered by loss of Siah2 (Fig.
6A). Siah2 is also proposed to function as a negative regulator
of Vavl signaling (14). Vavl is necessary for B- and T-lympho-
cyte proliferative responses to antigen receptor activation, but
not for proliferation induced by other mitogens (11, 49, 61). To
analyze Vavl-mediated proliferative responses in Siah2 mu-
tant mice, splenic B cells were activated with agonistic anti-
bodies against IgM (Fig. 6A) and T cells were activated with
agonistic antibodies against the T-cell receptor subunit CD3¢e
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or with ConA, which induces cross-linking of the T-cell recep-
tor (Fig. 6B). Loss of Siah2 did not affect B- or T-cell prolif-
eration in response to antigen receptor activation. Thus, loss of
Siah2, which is proposed to function as a negative regulator of
TRAF and Vavl signaling, does not enhance TRAF- and
Vavl-mediated lymphocyte proliferative responses.

We analyzed in vivo antibody production in Siah2 mutant
mice for two reasons. Firstly, TRAF2 and TRAF3 mutant mice
display defects in T-cell-dependent, but not T-cell-indepen-
dent, antibody production (35, 57). Secondly, like Siahla,
Siah2 also interacts with OBF-1 (4). While the significance of
this interaction has yet to be investigated, it is possible that
Siah2 may regulate OBF-1 function during germinal center
formation and may thus regulate adaptive antibody-mediated
immunity. Wild-type or Siah2~/~ mice were immunized with
NP-KLH to induce T-cell-dependent antibody responses (40),
or with NP-LPS to induce T-cell-independent antibody re-
sponses (2). Serum samples were obtained at time intervals
after immunization and analyzed using ELISA to detect NP-
specific antibodies. The T-cell-independent response was mon-
itored using serum IgM specific for NP, and this was found at
equivalent levels in wild-type and Siah2~'~ mice over the
course of the response (Fig. 6C). Similarly, levels of NP-bind-
ing IgG1 were used to monitor the T-cell-dependent response,
and again, no differences were observed between mice (Fig.
6D). Thus, TRAF2, TRAF3, and OBF-1 function normally
during responses to antigens in Siah2 mutant mice.

Finally, TRAF-mediated signaling is important in macro-
phage activation induced by bacterially produced LPS, virally
produced double-stranded RNA [mimicked by synthetic
poly(I) - poly(C)], and endogenous inflammatory cytokines,
including TNF-a (1, 18). Macrophages respond to these acti-
vating stimuli by undergoing G,-phase cell cycle arrest and
secreting cytokines and toxic nitric oxide (1, 54). The antipro-
liferative effects of activation of TRAF-dependent receptors
are mediated by the production of IFN-o/B (18, 22). To ana-
lyze the role of Siah2 in antiproliferative TRAF-mediated sig-
naling, BMM derived from wild-type and Siah2 /'~ mice were
stimulated for 24 h with recombinant human CSF-1 in the
presence or absence of LPS, poly(I) - poly(C), TNF-a, or
IFN-B and proliferation was assessed by incubation with
[*H]thymidine for the final 8 h of culture. Antiproliferative
responses induced by all stimuli were equivalent in wild-type
and Siah2~/~ macrophages (Fig. 6E).

In conclusion, a number of well-characterized in vivo and ex
vivo TRAF-mediated responses are unaffected by mutation of
Siah?2.

DISCUSSION

Highly conserved Siah homologues have been identified in
all multicellular organisms examined. Biochemical studies of
Siah proteins in plants, flies, mice, and humans have demon-
strated that these proteins function as E3 ubiquitin ligase en-
zymes. However, the physiological processes that are regulated
by vertebrate Siah proteins remain largely unclear. Siah2 is the
most divergent member of the mouse Siah protein family, with
Siahla and Siahlb differing from one another at only a few
amino acid positions. It is therefore surprising that mutation of
Siah2 induces only very minor phenotypic consequences while
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Siahla mutation results in severe growth retardation, early
lethality, and spermatogenic defects.

The expression patterns of Siahl and Siah2 genes yield few
clues as to their specific functions. Mouse Siahla, Siahlb, and
Siah2 appear to be ubiquitously expressed (8; unpublished
observations). High Siahl expression in testes (7) correlates
with the spermatogenic phenotype in Siahla mutant mice (9).
In contrast, sites of high Siah2 expression, including ovaries,
testes, cartilage, and retinal and olfactory neuroepithelia (7, 8),
are histologically normal in Siah2 mutant mice.

Siah2 mutant mice exhibit an expansion of the bone marrow
myeloid progenitor compartment. Methylcellulose assays re-
vealed an increased number of CFU-GM colonies, while agar
assays conducted under restricted cytokine stimulation re-
vealed an increased number of colonies in response to M-CSF.
These data suggest that at least in in vitro assays, Siah2 is
important in the regulation of the myeloid progenitor com-
partment, in particular those progenitors that are responsive to
M-CSF. Our observation of increased osteoclast yield in in
vitro cultures of bone marrow from Siah2 mutant mice is con-
sistent with previous findings that osteoclasts derive from an
M-CSF-responsive myeloid lineage progenitor (58). The M-
CSF phenotype appears to be restricted to an early myeloid
progenitor cell type, since we observed no differences between
wild-type and Siah2 mutant mice in (i) the yield of nonadher-
ent BMM precursor cells after culture of bone marrow for 3
days in M-CSF (data not shown), (ii) the yield of adherent cells
(mostly BMM) after culture of bone marrow for 7 days in
CSF-1 (Fig. 4B), and (iii) the proliferation of M-CSF-starved
BMM after restimulation with CSF-1 (Fig. 6E). The mecha-
nism by which Siah2 regulates myelopoiesis is not clear. Real-
time PCR analysis of Siahl and Siah2 expression in
fluorescence-activated cell sorter-purified hematopoietic cell
populations did not reveal any obvious expression pattern that
would indicate a myeloid lineage-specific function for Siah2.
Siah genes appear to be expressed in all progenitor and mature
hematopoietic cell populations (data not shown). In summary,
while there is an expansion of myeloid progenitor cells in Siah2
mutant mice, homeostatic mechanisms appear to tightly con-
trol the production of mature cells to ensure that the total
cellularity of hematopoietic tissues and the frequency of gran-
ulocytes, macrophages, and osteoclasts remain unaffected.

Overexpression studies have implicated Siah2 in the degra-
dation or inhibition of the activity of a number of proteins that
participate in diverse signaling pathways. These include DCC,
Vavl, OBF-1, and TRAF2 (4, 14, 17, 20, 21, 53). In this study
we focused our analysis of the effects of loss of Siah2 on
cellular or physiological processes that are mediated by puta-
tive Siah2 targets. We showed that DCC-mediated formation
of axonal commissures, Vavl-mediated proliferation of B and
T lymphocytes, in vivo OBF-1-mediated antibody production,
and a variety of signaling and cellular responses mediated by
TRAF2 and other TRAF family proteins are unaltered in
Siah2 mutant mice. Therefore, loss of Siah2 alone does not
grossly alter a range of physiological processes that require
putative Siah2 substrate proteins.

One explanation for the absence of phenotypes may be that
the abundance of Siah2 substrate proteins are regulated by
factors other than Siah2. Supporting this idea, protein abun-
dance of TRAF2 in MEFs is unaffected by loss of Siakh2, yet the
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half-life of exogenously expressed TRAF?2 is longer in Siah2
mutant MEFs (17). These data are consistent with the notion
that alterations in rates of transcription or translation may act
to maintain normal steady-state abundance of Siah2 target
proteins in Siah2 mutant mice.

Finally, functional redundancy between Siah2 and Siahl
genes may obscure phenotypic consequences of loss of Siah2.
We find that loss of a single copy of Siah2 enhances the phe-
notype of early lethality caused by Siahla homozygous muta-
tion. This phenotype is further enhanced by removal of both
copies of Siah2, with Siah2~'~ Siahla~'~ mice being born at
sub-Mendelian frequency and subsequently dying within hours
of birth. Thus, Siahla and Siah2 appear to perform partially
overlapping functions in vivo. Functional compensation by
Siahla and Siah1b may therefore maintain normal regulation
of Siah2 substrate proteins in Sizh2~/~ mice. Our ongoing
experiments aiming to generate Siahlb mutant mice and Siah
double- and triple-mutant animals should further our under-
standing of the full repertoire of physiological functions of the
Siah gene family.
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