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The Asbs are a family of ankyrin repeat proteins that, along with four other protein families, contain a
C-terminal SOCS box motif, which was first identified in the suppressor of cytokine signaling (SOCS) proteins.
While it is clear that the SOCS proteins are involved in the negative regulation of cytokine signaling, the
biological roles of the other SOCS box-containing families are unknown. We have investigated Asb-1 function
by generating mice that lack this protein, as well as mice that overexpress full-length or truncated Asb-1 in a
wide range of tissues. Although Asb-1 is expressed in multiple organs, including the hematopoietic compart-
ment in wild-type mice, Asb-12/2 mice develop normally and exhibit no anomalies of mature blood cells or their
progenitors. While most organs in these mice appear normal, the testes of Asb-12/2 mice display a diminution
of spermatogenesis with less complete filling of seminiferous tubules. In contrast, the widespread overexpres-
sion of Asb-1 in the mouse has no apparent deleterious effects.

The suppressor of cytokine signaling (SOCS) box is an
approximately 40-amino-acid motif found in five distinct fam-
ilies of proteins (7). It was first identified in the SOCS family
of negative regulators of cytokine signaling, which comprise
amino-terminal regions of variable amino acid sequence and
length and a central SH2 domain, in addition to the carboxy-
terminal SOCS box (21). SOCS proteins block the JAK/STAT
signaling pathway and can thus inhibit signaling initiated by a
diverse array of cytokines, hormones, and growth factors (9).
The physiological roles of the SOCS proteins are beginning to
be elucidated by gene inactivation studies in mice. A key role
for SOCS1 in gamma interferon signaling was identified in
SOCS12/2 mice, which die before weaning from a complex
gamma interferon-dependent disease characterized by fatty
degeneration of the liver, lymphopenia, and monocytic in-
filtration of multiple organs (3, 13, 20). Essential roles for
SOCS2 in the regulation of postnatal growth hormone–IGF-1
signaling (14) and for SOCS3 in the regulation of fetal eryth-
ropoiesis (12) have also been postulated from the phenotypes
of their respective knockout mice.

Several studies suggest that the SOCS box functions as an
adaptor, recruiting SOCS box-containing proteins and their
interacting partners to a core ubiquitination complex via inter-
action with elongins B and C (8, 23). Whether this mechanism
is used to regulate SOCS protein levels, partner protein levels,
or both is unclear, and the interaction between the SOCS box
and elongins B and C remains to be demonstrated in vivo. The
four other protein families that possess a SOCS box differ from
the SOCS proteins in the domains upstream of this motif and
have been categorized accordingly: rather than SH2 domains,
the WSBs contain WD-40 repeats, the SSBs contain SPRY
domains, the RAR-like proteins contain GTPase domains,
and the ASBs contain ankyrin repeats (7). In contrast to the

SOCS proteins, nothing is known of either the functions of the
more than 20 members of these latter four families or whether
they play a role in the negative regulation of cytokine signaling.
We have recently cloned four members of the Asb family (10),
and we present here data from mice with inactivation of the
Asb-1 gene, as well as transgenic mice ubiquitously overex-
pressing this protein. The data suggest that deletion or over-
expression of Asb-1 has no obvious deleterious effects on nor-
mal mouse development and hemopoiesis but that an
increased frequency of testicular anomalies accompanies the
loss of Asb-1.

MATERIALS AND METHODS

All restriction enzymes were obtained from Roche (Mannheim, Germany).
Oligonucleotides were manufactured by Genset Pacific (Lismore, Australia) and
Geneworks (Adelaide, Australia).

Generation of targeted ES cells and Asb-12/2 mice. A fragment of the murine
Asb-1 gene extending ;3.2 kbp 59 from the beginning of exon 2 was generated
by PCR using oligonucleotides containing BamHI (59; primer; 59-AGCTGGAT
CCCGTCCGGGACTCGGGTCC-39) and BglII (39 primer; 59-AGCTAGATCT
GCCATAGGACCTGCACTGAAGAG-39) restriction sites. This fragment was
digested with BamHI, and the resultant 0.9-kb 39 fragment was ligated directly
upstream of the initiation codon of b-galactosidase via a BamHI site in the
plasmid pbgalGFPpAloxneo, which also contains a PGKneo cassette flanked by
loxP sites (20). Subsequently, the vector was digested with BamHI and the larger
2.3-kb BamHI fragment of the initial 59-arm PCR product was ligated directly
upstream of the smaller fragment, generating a 3.2-kb 59 arm. A 4.3-kb BamHI
fragment from the genomic Asb-1 locus was cloned into the BamHI site of the
plasmid pBS-2Xho and then excised with XhoI and cloned into a XhoI site 39 to
the PGKneo cassette. This construct was linearized and electroporated into
C57BL/6-derived embryonic stem (ES) cells. Clones surviving selection in 175 mg
of G418/ml were screened for those in which the targeting construct had recom-
bined with an endogenous Asb-1 allele by probing Southern blots of EcoRI-
digested genomic DNA with a 1.5-kb PCR fragment lying upstream of exon 1 as
described previously (1). A targeted ES cell clone was injected into BALB/c
blastocysts to generate chimeric mice. Male chimeras were mated with C57BL/6
females to yield Asb-1 heterozygotes which were interbred to produce wild-type
(Asb-11/1) and heterozygous (Asb-11/2) and homozygous (Asb-12/2) mutant
mice. The genotypes of offspring were determined by Southern blot analysis of
genomic DNA extracted from tail biopsy specimens as described above. The
deletion of Asb-1 exon 3 and the inability of Asb-12/2 mice to produce Asb-1
mRNA were confirmed in nucleic acid blots performed as described previously
(10). Southern blots of restriction enzyme-digested genomic DNA were probed
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with a 300-bp fragment of Asb-1 exon 3 sequence (A1-e3). Northern blots were
probed with a 1.0-kb fragment of Asb-1 cDNA comprising the entire coding
sequence, before being stripped and reprobed with a 1.2-kb PstI fragment of
glyceraldehyde-3-phosphate dehydrogenase cDNA (GAPDH) as described pre-
viously (1).

Generation of Asb-1 transgenic mice. The UBI-junB plasmid (18), which
contains a 1,225-bp fragment of the human ubiquitin C promoter, was modifed
to remove the junB cDNA and add a Kozak sequence, an ATG initiation codon,
an AscI site, and a FLAG epitope sequence to generate the plasmid pUbiFLAG.
A fragment of the murine Asb-1 cDNA comprising the entire 1,005-bp coding
region was generated by PCR using oligonucleotides containing AscI (59 primer;
59-AGCTGGCGCGCCAGGCGGAGGGCGGGACCGGCCCC-39) and MluI
(39 primer; 59-AGCTACGCGTCTCATAAAGCAAAAACTTCTT-39) restric-
tion sites. This fragment was digested with AscI and MluI and ligated directly into
the AscI site of pUbiFLAG, which also contains a poly(A) and simian virus 40
intron and splice junction. A similar construct was generated utilizing an 879-bp
fragment of the murine Asb-1 cDNA comprising the entire coding region minus
the SOCS box sequence (39 primer; 59-AGCTACGCGTCTTCTGGCCTCTTT
AAAGACCTGCAAGGC-39). Both constructs were linearized, agarose gel pu-
rified, and injected into the male pronucleus of C57BL/6 fertilized eggs, which
were transferred to pseudopregnant females. Offspring were tested for the inte-
gration of the transgene by Southern blot hybridization of total genomic DNA
digested with XbaI and probed with A1-e3. Colonies of mice were established
from two founders positive for each transgene. Expression of the transgene was
confirmed at the mRNA level by Northern blot hybridizations utilizing probe
A1-e3, before the blots were stripped and reprobed with the 1.2-kb fragment of
GAPDH cDNA.

Analysis of protein expression in Asb-1 transgenic mice. Tissues were re-
moved from Asb-1 transgenic mice and wild-type littermates and frozen in liquid
nitrogen. They were then pulverized and Dounce homogenized on ice in 1 to 2
ml per organ of KALB lysis buffer (16) containing protease inhibitors (Complete
Cocktail tablets; Roche). Immunoprecipitations were performed on lysates con-
taining 5 to 20 mg of protein using M2 anti-FLAG affinity resin (Sigma Chemical
Co., St. Louis, Mo.) and separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Bio-Rad Laboratories, Hercules, Calif.). Protein was then elec-
trophoretically transferred to PVDF-Plus membranes (Micron Separations Inc.,
Westborough, Mass.). Membranes were blocked overnight in 10% skim milk and
incubated with rat anti-FLAG antibody for 2 h. Antibody binding was visualized
with peroxidase-conjugated goat anti-rat immunoglobulin (Southern Biotechnol-
ogy, Birmingham, Ala.) and the enhanced chemiluminescence (ECL) system
(Amersham Pharmacia, Little Chalfont, United Kingdom). To control for load-
ing, lysate volumes containing 50 to 200 mg protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to PVDF-Plus,
and blocked overnight before being incubated with rat anti-HSP70 antibody.

Histopathological analysis. Tissues (uterus, bladder, liver, testes, seminal ves-
icle, skin, eye, kidney, heart, lung, thymus, salivary gland, small intestine, muscle,
brain, spleen, and pancreas) were weighed (with the exception of skin and eyes),
fixed in 10% buffered formalin, and embedded in paraffin, and sections were
prepared by standard techniques, stained with hematoxylin and eosin, and ex-
amined by light microscopy. The peripheral blood white cell and platelet counts
were determined manually using hemocytometers. Single-cell suspensions from
femoral bone marrow, spleen, liver, and peritoneum were prepared by standard
techniques, and differential cell counts were performed on smears or cytocen-
trifuge preparations stained with May-Grunwald-Giemsa stain.

b-Galactosidase histochemistry. Mice were killed by cervical dislocation, and
tissues were removed immediately and fixed in 4% paraformaldehyde–mouse
tonicity phosphate-buffered saline (MT PBS) at 4°C for 1 h. After being washed
in MT PBS three times for 30 min each at room temperature, tissues were
incubated overnight at 37°C in staining solution (100 mM sodium phosphate [pH
7.3], 2 mM MgCl2. 0.01% sodium deoxycholate, 0.02% Nonidet P-40, 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mg of X-Gal [5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside] per ml). Tissues were washed in MT
PBS three times for 30 min each and postfixed overnight in 4% paraformalde-
hyde–MT PBS at 4°C, before sections were prepared, stained with nuclear fast
red, and examined by light microscopy.

Flow cytometry. Dispersed cell suspensions from bone marrow, spleen, thy-
mus, and mesenteric lymph node from 8-week-old Asb-12/2 mice and wild-type
littermates were prepared, and the erythrocytes were lysed as described previ-
ously (5). The cells were stained with rat monoclonal antibodies for specific cell
surface markers and analyzed by flow cytometry as described previously (22).
Transcription of the b-galactosidase gene under the control of the Asb-1 pro-
moter in the Asb-12/2 mice was monitored by detecting b-galactosidase activity

(fluorescence-activated cell sorting [FACS]–Gal analysis) as described previously
(5).

Agar cultures. Semisolid 1-ml agar cultures containing 2.5 3 104 bone marrow
cells or 5 3 104 spleen cells were prepared using Dulbecco modified Eagle
medium containing a final concentration of 20% newborn calf serum and 0.3%
agar, in 35-mm plastic petri dishes. Colony formation was stimulated in replicate
cultures by addition of serial dilutions of 0.1 ml of recombinant granulocyte-
macrophage colony stimulating factor (GM-CSF), macrophage CSF (M-CSF),
granulocyte CSF (G-CSF), interleukin 3 (IL-3), or stem cell factor (SCF). Cul-
tures were incubated for 7 days in a fully humidified atmosphere of 10% CO2 in
air. After initial scoring at 335 magnification, cultures were fixed by the addition
of 1 ml of 2.5% glutaraldehyde. Four hours later, the cultures were floated in-
tact onto glass slides and, after drying, were stained in sequence for acetyl-
cholinesterase and then with Luxol Fast Blue (BDH Laboratory, Poole, United
Kingdom) and hematoxylin. After mounting under coverslips, the cultures were
analyzed at 3200 and 3100 magnifications to determine the number and com-
position of colonies in the entire cultures.

CFU-spleen (CFU-S) studies. Bone marrow cells from five Asb-12/2 and five
wild-type C57BL/6 control mice were injected into irradiated wild-type C57BL/6
mice as described previously (11). Spleens were removed after 8 days and fixed
in Carnoy’s solution, and the numbers of macroscopic colonies were counted.

Phenylhydrazine challenge. Female Asb-12/2 and wild-type C57BL/6 control
mice received two intraperitoneal injections of freshly prepared phenylhydrazine
in mouse tonicity RPMI medium (totalling ;25 mg/kg of body weight) on day 0.
Three mice of each genotype were bled and sacrificed on days 0, 4, and 12. Blood
was analyzed using an Advia120 automated hematological analyzer (Bayer, Le-
verkusen, Germany). Spleen and bone marrow cells were cultured in 1.5%
methylcellulose as described previously (2) in the presence of SCF, IL-3, and
erythropoietin (EPO), or EPO alone. Numbers of CFU-EPO (CFU-E) and
burst-forming unit–EPO (BFU-E) were scored after 2 and 7 days, respectively.

Endotoxin. Endotoxin (lipopolysaccharide [LPS]; Difco, Detroit, Mich.) was
dissolved in 0.9% sodium chloride solution, and 5 mg was injected intravenously
in an injection volume of 0.2 ml into 12 Asb-12/2 and 12 wild-type mice. Six days
after injection, mice were anesthetized using penthrane and bled from the axilla.
Single-cell suspensions were prepared from bone marrow and spleen. Differen-
tial counts were performed, and spleen cells were cultured in semisolid agar in
the presence of GM-CSF, IL-3, or M-CSF.

Local peritoneal cavity inflammation and infection. Mice were injected inter-
peritoneally with 2 ml of an 0.2% (wt/vol) solution of casein C5890 (Sigma) in
MT PBS. The Sigma preparation is contaminated by viable saprophytic Bacillus
organisms (15). Three hours after injection, the mice were killed by anesthesia,
the abdominal cavity was injected with 2 ml of MT PBS, and after massage to mix
peritoneal cells with injected harvesting fluid, the cell suspension was removed
using a soft plastic pipette. Absolute and differential counts were performed on
harvested peritoneal cells, and dispersed cell suspensions were prepared from
the spleen and bone marrow.

Serum biochemistry. Six 3-month-old Asb-12/2, Asb-1 transgenic, and
C57BL/6 control animals were anesthetized using penthrane and bled from the
axilla. Biochemical analyses were performed by the IDEXX Central Veterinary
Diagnostic Laboratory (Melbourne, Australia).

RESULTS

Generation of Asb-12/2 mice. To investigate the in vivo
function of Asb-1, we used gene targeting to generate Asb-
12/2 mice. The vector was designed not only to eliminate asb-1
function but also to place a b-galactosidase gene under the
control of the endogenous asb-1 promoter (see Materials and
Methods) (Fig. 1a). After electroporation of the construct into
ES cells, a clone in which homologous recombination had
occurred was injected into blastocysts to generate chimeric
mice and subsequently Asb-11/2 mice. Southern blot hybrid-
ization analysis at weaning (Fig. 1b) revealed that offspring of
heterozygous parents included mice of the expected three ge-
notypes in approximately Mendelian proportions (20:37:16 for
Asb-11/1, Asb-11/2, and Asb-12/2, respectively). Southern
analysis also confirmed the deletion of exon 3 as predicted by
the targeting strategy (Fig. 1c). Northern blot hybridization
analysis of RNA extracted from a range of organs established
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that Asb-1 transcripts were undetectable in homozygous mu-
tant mice (Fig. 1d), confirming that the Asb-1 gene had been
functionally deleted. Asb-11/2 and Asb-12/2 mice both devel-
oped normally, with males and females being fertile. In addi-
tion, the mutant mice showed no obvious external defects and
lived in apparent good health for at least 12 months. The
weights of 15 organs from each of six male and six female

FIG. 1. Disruption of the Asb-1 locus by homologous recombina-
tion. (a) The functional murine Asb-1 gene, with the exons containing
coding regions shown as shaded boxes. In the targeted allele, exon 3
and the majority of exon 2 were replaced by a bGalPGKneo cassette,
in which the b-galactosidase coding region was fused in-frame to the
third codon of exon 2. (b) Southern blot of EcoRI-digested genomic
DNA from the tails of mice derived from a cross between Asb-11/2

mice. The blot was hybridized with the 59 genomic Asb-1 probe, which
distinguishes between endogenous (14-kb) and targeted (12-kb) al-
leles. (c) Southern blot of genomic DNA from the tails of Asb-12/2

mice and wild-type littermates. (i) Blot hybridized with a 300-bp exon
3 probe, confirming the deletion of exon 3. (ii) As a loading control,
the blot was stripped and reprobed with a 200-bp probe corresponding
to the SOCS box region of the asb-1 gene. (d) Northern blot showing
lack of Asb-1 expression in organs of Asb-12/2 mice. (i) The blot was
hybridized with a coding region probe, which detects the 5.5-kb tran-
script; (ii) the integrity of the RNA was confirmed by hybridization
with GAPDH.

FIG. 2. Expression of Asb-1 in hematopoietic cells. (a) Reverse
transcription-PCR performed on RNA isolated from mature colonies
of granulocytes (G), granulocytes-macrophages (GM), cosinophils (Eo),
flk ligand-stimulated blast cells (FLB), macrophages (M), and SCF-
stimulated blast cells (SCFB). (b) Fluorescence-activated sorting of
bone marrow cells from adult Asb-11/1 and Asb-12/2 mice accord-
ing to b-galactosidase activity. Asb-12/2 bone marrow was sorted into
three fractions designated bGalHigh, bGalMedium, and bGalLow, which
represented 10, 20, and 70% of the total population, respectively.

TABLE 1. Percent distribution of b-galactosidase-positive
progenitor cells in the bone marrow of Asb-12/2 mice

b-galactosidase
activity Stimulus

% Distributiona

Blast G GM M Eo Meg

High GM-CSF 20 62 43 57 100
IL-3 20 51 19 18 63 27
SCF 25 34
SCF 1 IL-3 1 Epo 20 51 11 43 66 29

Medium GM-CSF 38 33 33 0
IL-3 63 41 45 59 37 73
SCF 63 60
SCF 1 IL-3 1 Epo 54 46 67 46 34 65

Low GM-CSF 0 23 10 0
IL-3 17 8 36 23 0 0
SCF 12 6
SCF 1 IL-3 1 Epo 26 3 22 11 0 6

a Values shown are the percentages in each FACS Gal fraction of the absolute
number of colonies of each lineage present in all three fractions. G, granulocytic;
GM, granulocyte-macrophage; M, macrophage; Eo, eosinophil; Meg, megakaryo-
cyte.
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Asb-12/2 mice were compared with those for six wild-type
mice, and with the exception of the spleen (discussed below),
no statistically significant differences were observed. Levels in
serum of albumin, globulin, bilirubin, aspartate aminotransfer-
ase, alkaline phosphatase, urea, creatinine, sodium, potassium,
chloride, calcium, and creatine kinase in Asb-12/2 mice were
within the normal range observed in wild-type mice.

Expression of Asb-1 in hematopoietic cells. In the adult
mouse, Asb-1 mRNA expression was detected in most organs,
most prominently in spleen, bone marrow, and salivary gland
(Fig. 1d). To determine whether expression in the bone mar-
row was restricted to any particular subset of hematopoietic
cells, we conducted reverse transcription-PCR on mRNA iso-
lated from colonies of various lineages (Fig. 2a). This analysis
revealed that Asb-1 mRNA is expressed in mature granulo-
cytes, macrophages, and eosinophils and also in the cells of
blast colonies stimulated to develop by SCF or flk-2/flt-3 li-
gand and leukemia inhibitory factor. To refine this analysis, we
stained Asb-12/2 bone marrow for b-galactosidase activity
and, using gates set relative to the wild-type profile, sorted the
Asb-12/2 population into three fractions designated bGalHigh,
bGalMedium, and bGalLow, which contained 10, 20, and 70% of
the total cells, respectively (Fig. 2b). Culturing 10,000 cells
from each fraction in the presence of GM-CSF, multi-CSF, or

SCF revealed that, for all three stimuli, the majority of pro-
genitor cells from all lineages were present in the bGalHigh or
bGalMedium fractions, suggesting that most progenitor cells
transcribe Asb-1 (Table 1). Furthermore, cytological analysis
of bGalHigh or bGalMedium marrow populations showed the
presence in each fraction of mature cells of all lineages, with
some enrichment of blast cells. These data indicate that Asb-1
continues to be expressed in many hematopoietic cells until full
maturation is attained.

Hematopoiesis in Asb-12/2 mice. Cell numbers and mor-
phology were normal in the peripheral blood of Asb-12/2 mice
(Table 2), and examination of stained cytocentrifuge prepara-
tions from bone marrow and spleen revealed no significant
differences in the frequencies of hematopoietic subsets be-
tween adult Asb-12/2 mice and their wild-type littermates
(data not shown). Although most progenitor cells express
Asb-1, no difference was observed in the response of bone
marrow or spleen progenitor cells stimulated to proliferate by
GM-CSF, G-CSF, SCF, IL-3, or M-CSF (Table 3) or when
stimulated by titrations of GM-CSF and IL-3. In each case the
number, type, and size of colonies developing were similar in
Asb-12/2 and Asb-11/1 mice. FACS analysis of adult bone
marrow cells, splenocytes, thymoctes, and mesenteric lymph
node cells incubated with antibodies to cell surface markers of
the erythroid, myeloid, and lymphoid lineages (anti-Ter119,
CD44, Mac-1, Gr-1, F4/80, B220, surface immunoglobulin,
Mel-14, Thy-1, CD4, or CD8) also revealed no significant dif-
ferences (data not shown). Cells in the hematopoietic stem cell
compartment were examined by comparing the frequency of
day 8 CFU-S in the bone marrow of Asb-12/2 mice with those
of wild-type controls. Wild-type bone marrow cells yielded on
average 8.6 6 3.0 CFU-Sd8 per 105 bone marrow cells, while
Asb-12/2 marrow contained similar numbers, 9.7 6 3.9 CFU-
Sd8 per 105 bone marrow cells.

Following an initial observation that the spleens of Asb-12/2

mice appeared to be smaller than those of wild-type litter-

TABLE 2. Peripheral blood cell parameters for Asb-12/2

mice and wild-type littermatesa

Parameter Asb-12/2 (n 5 6) Asb-11/1 (n 5 6)

Cells/ml (total) 3,120 6 1,900 2,230 6 1,220
Neutrophils 350 6 340 280 6 210
Lymphocytes 2,410 6 1,190 1,810 6 1,270
Monocytes 250 6 370 110 6 50
Eosinophils 120 6 80 30 6 30
Platelets/ml 908,950 6 74,580 871,560 6 137,770
Hematocrit (%) 47 6 2 47 6 2

a Values are means 6 standard deviations.

TABLE 3. Culture of Asb-12/2 and C57BL/6 control bone marrow and spleen cellsa

Cell no. and type Stimulus
Mean no. of colonies

Blast G GM M Eo Meg

2.5 3 104 bone marrow cells/culture
Asb-12/2 (n 5 4 to 6) GM-CSF 12 6 3 5 6 1 27 6 12 1 6 1

G-CSF 10 6 5 0 0
M-CSF 1 6 1 4 6 3 35 6 7
IL-3 5 6 3 17 6 18 10 6 2 18 6 8 2 6 1 3 6 1
SCF 4 6 2 16 6 5 1 6 1 0

C57BL/6 (n 5 4 to 6) GM-CSF 12 6 4 6 6 2 31 6 9 1 6 1
G-CSF 10 6 4 0 0
M-CSF 1 6 1 4 6 2 35 6 16
IL-3 4 6 2 16 6 7 10 6 4 18 6 4 1 6 1 4 6 2
SCF 4 6 2 17 6 6 1 6 1 0

5.0 3 104 spleen cells/culture
Asb-12/2 (n 5 4) GM-CSF 0.8 6 1.0 0.3 6 0.5 0.5 6 1.0 0

IL-3 0.3 6 0.5 0.8 6 1.0 0.5 6 1.0 1.0 6 0.8 0 0.3 6 0.5

C57BL/6 (n 5 4) GM-CSF 1.3 6 2.5 0.5 6 1.0 1.3 6 2.5
IL-3 1.1 6 0.6 1.0 6 2.0 0.9 6 1.4 0.9 6 0.9 0 0.9 6 0.9

a Cells were cultured in stimulus at a final concentration of 10 ng/ml (GM-CSF, G-CSF, M-CSF, and IL-3) or 100 ng/ml (SCF). Values are mean colony numbers 6
standard deviations. G, granulocytic; GM, granulocyte-macrophage; M, macrophage; Eo, eosinophil; Meg, megakaryocyte.
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mates, 27 spleens from both Asb-12/2 and wild-type litter-
mates were weighed, confirming a small, but statistically sig-
nificant, lower weight of the spleen in Asb-12/2 mice (74.5 6
9 mg versus 86.5 6 14 mg; P , 0.05). However, histological
examinations of Asb-12/2 spleens were normal, with splenic
architecture and cellular composition apparently unperturbed.
Thus, the mild reduction in spleen size in Asb-12/2 mice ap-
pears to reflect slightly reduced cellularity without significant
loss of any particular cell subset.

Responses to various hematological stresses were examined
by challenging Asb-12/2 mice with injections of phenylhydra-
zine, casein, or bacterial endotoxin (LPS). Mice injected with
phenylhydrazine rapidly become anemic and subsequently re-
spond with expanded erythropoiesis including increased pro-
duction of BFU-E and CFU-E (17). In this experiment, he-
matocrit and numbers of BFU-E or CFU-E present in bone
marrow or spleen were determined at 4 and 12 days after phe-
nylhydrazine administration, representing peak response and
recovery levels, respectively. No differences between knockout
and control animals were observed (data not shown). The in-
traperitoneal injection of casein plus bacteria stimulates a
rapid local accumulation of neutrophils from the bone marrow
whose phagocytic activity clears the contaminating bacteria
within 3 h (15). Three hours after the intraperitoneal admin-
istration of casein to eight Asb-12/2 mice and eight wild-type
littermates, absolute neutrophil numbers in the peritoneal cav-
ity and bone marrow revealed no differences between Asb-

12/2 and control animals (data not shown). The pronounced
elevation in hematopoietic progenitor cells normally observed
following the injection of LPS (endotoxin) (19) also developed
in LPS-injected Asb-12/2 mice. Changes in the numbers of
hematopoietic cells in the spleen, bone marrow, peritoneum,
and peripheral blood of the mice were also no different from
controls when measured 6 days after LPS administration (data
not shown).

Histopathology of Asb-12/2 mice. In sections of 18 organs
from 2- to 3-month-old male and female Asb-12/2 mice, no
morphological or pathological abnormalities were observed
with the exception of changes in two organs.

In the testes of Asb-12/2 mice, there was frequently an
overall appearance suggesting a diminution of spermatogene-
sis with less complete filling of seminiferous tubules. In accord
with the known fertility of Asb-12/2 male mice, in no case were
developing spermatozoa absent from the whole testis. In two
blinded studies, using this criterion of relative emptiness of
tubules, Asb-12/2 testes were correctly identified in 78 and
67% of cases, a frequency agreeing well enough with a fre-
quency of 63% of underpopulated tubules recorded in an un-
blinded analysis. More striking was the occurrence of testes in
which clusters of tubules entirely lacked developing spermato-
cytes (Fig. 3a to e). This appearance was seen in 31% of
Asb-12/2 testes but in only 1 of 16 control C57BL/6 testes and
0 of 14 Asb-1 transgenic testes (Table 4). The anomolous
testicular morphology had no apparent impact on the fertility

FIG. 3. Histology. The appearance of C57BL/6 testis (a and b) contrasts with that of Asb-12/2 testis (d and e), which shows a complete absence
of spermatogenesis from some seminiferous tubules. Epithelial thickening is apparent in Asb-12/2 skin (f), contrasted with the appearance of
normal C57BL/6 skin (c).

TABLE 4. Pathological changes in Asb-12/2 micea

Parameter
C57BL/6 Asb-12/2 Asb-1 transgenic

Male Female Male Female Male Female

Seminiferous tubules
Depleted cellularity 2/16 (13) 10/16 (63) 1/14 (7)
Empty tubules 1/16 (6) 5/16 (31) 0/14 (0)

Skin epithelium
Patchy thickening 1/14 (7) 0/8 (0) 4/16 (25) 0/10 (0) 3/14 (21) 0/9 (0)
Generalized thickening 1/14 (7) 0/8 (0) 5/16 (31) 0/10 (0) 4/14 (29) 0/9 (0)

a Values are shown as numbers of mice with characteristic/total numbers of mice (percentages of total).
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of Asb-12/2 mice. We observed that each of six Asb-12/2 mice
in our breeding program proved capable of siring litters. Eigh-
teen litters from the six Asb-12/2 male mice averaged 6.7 6 2
pups, and 18 litters from six Asb-11/2 male mice mated in
parallel averaged 4.9 6 2 pups.

A second abnormality observed in male mice was the occur-
rence of thickening of the epithelial layer of the skin, either in
discrete patches or in a generalized distribution. This was as-
sociated with squamous differentiation and some keratin for-
mation (Fig. 3f) but with no consistent infiltration of cells in
the underlying dermis. This change was seen in 56% of Asb-
12/2 male mice but only 14% of control C57BL/6 mice. The
significance of this epithelial thickening is uncertain. It was
also observed in 50% of male Asb-1 transgenic mice and has
been observed in other groups of C57BL/6 mice under study in

this laboratory at a higher frequency than seen in the formal
group of C57BL/6 control males used in this study. Unrelated
explanations such as scuffling or fighting cannot be excluded as
the basis for the observed epithelial thickening.

LacZ staining of Asb-12/2 tissues. Homologous recombina-
tion between the targeting vector and the endogenous Asb-1
locus resulted in the in-frame fusion of the b-galactosidase
gene with the 59 coding region of exon 2, thereby placing
b-galactosidase transcription under the control of the Asb-1
promoter region. To examine the pattern of b-galactosidase
expression, adult mouse tissues were taken and fixed in 4%
paraformaldehyde at 4°C for 1 h before staining overnight at
37°C in a 1-mg/ml X-Gal solution. Although this technique is
subject to false-negative results due to inadequate diffusion of
the substrate, the pattern of specific staining of Asb-12/2 tis-

FIG. 4. LacZ staining of tissues from Asb-11/1 mouse testes (a), retina (c), cerebral cortex (e), and cardiac atrium (g) compared with that of
Asb-12/2 testes (b), retina (d), cerebral cortex (f), and cardiac atrium (h).

6194 KILE ET AL. MOL. CELL. BIOL.



sues was striking and suggested that specific cell types in the
mouse transcribe the Asb-1 gene. While the intensity of stain-
ing in tissues from Asb-11/2 mice was significantly decreased,
the pattern was the same as that observed in tissues from
Asb-12/2 mice. In the testes, developing and mature spermato-
cytes were strongly positive (Fig. 4b) but Sertoli cells were
negative, as were many of the least mature spermatogonia.
This pattern is of potential relevance in view of the defects in
spermatogenesis noted in Asb-12/2 mice. Asb-1 transcription
in the eye was also striking. Positive cells were the outermost
lens epithelial cells, the inner layer (optic tract neurons) of the
retina, and cells on both sides of the central bipolar retinal
layer with a positive fringe of rod and cone processes project-
ing toward the eye capsule from the outer retinal layer (Fig.
4d). In parallel with this pattern, neurons were positive in a
broad band in the cerebral cortex that did not extend to the
meninges (Fig. 4f). Faint staining of doubtful significance was
also observed in some groups of proximal tubule cells and
collecting tubule cells in the kidney and in some hepatocytes.
Cells of the cardiac atrium were consistently positive (Fig. 4h),

and ventricular myocytes were stained less intensely. The pos-
itivity of bone marrow populations was noted above.

Expression of Asb family members in Asb-12/2 mice. In
addition to the cloning of Asb-1 to Asb-4, continuing sequence
database searches confirmed the existence of a further six mem-
bers of the Asb family, all of which conform to the basic Asb
structure of a central ankyrin repeat domain, a variable amino-
terminal domain, and a carboxy-terminal SOCS box (GenBank
accession numbers: Asb-5, AF398966; Asb-6, AF398967; Asb-
7, AF398968; Asb-8, AF398969; Asb-9, AF398970; and Asb-10,
AF398971). (Fig. 5a). A sequence alignment of the SOCS
boxes from Asb-1 to Asb-10 is presented in Fig. 5b. While in
most cases expressed sequence tags encoding new Asbs were
identified, obtained, and sequenced, some protein sequences,
particularly human ones, were predicted from sequence data
present in databases. Of the new Asbs, Asb-10 is the largest,
comprising 467 amino acids, while Asb-8 is the smallest, com-
prising 288 amino acids. Asb-10 possesses the largest amino-
terminal region of any of the Asbs, a 110-amino-acid domain
bearing no recognizable protein motifs or significant similarity
to known proteins.

To determine whether Asb-12/2 mice show alterations
in the expression patterns of other Asb family members, we
conducted Northern blot analyses of poly(A)1 RNA from a
panel of Asb-12/2 and wild-type tissues. There were no gross
changes in expression of mRNAs encoding Asb-2, Asb-3,
Asb-4, Asb-5, Asb-6, Asb-8, Asb-9, and Asb-10 (Fig. 6).

Generation of Asb-1 transgenic mice. To complement our
functional studies with knockout mice, two transgenes were
constructed; both contained a human ubiquitin C promoter
driving expression of either full-length or SOCS-box-deletion
Asb-1 (Fig. 7a). In both cases, Asb-1 was Flag epitope tagged

FIG. 5. (a) Predicted structures of the murine Asb family. Ankyrin
repeats are shaded light grey, novel regions are black, and SOCS boxes
are dark grey. aa, amino acids. (b) Alignment of the amino acid
sequences of human and murine Asb SOCS boxes. Identities to the
SOCS box consensus sequence (shown at top) are shaded grey. Ter-
minating stop codons are indicated by an asterisk. The conserved
arginine present in all Asb SOCS boxes identified to date is shown in
boldface.

FIG. 6. Northern blot hybridization analysis of Asb mRNA expres-
sion in the tissues of Asb-1 knockout mice and wild-type littermates.
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to facilitate an examination of protein expression. Mice posi-
tive for the transgenes were identified at weaning, and colonies
were established from two founders in each case. Northern
blot hybridization analysis showed that both transgenes were
expressed at levels 5- to 10-fold above endogenous Asb-1 levels
(data not shown). Immunoprecipitations and Western blotting
with anti-Flag antibodies detected proteins of the expected
sizes in transgenic but not wild-type tissues. Two lines positive
for the full-length Asb-1 transgene appeared to express similar
levels of the Flag-tagged Asb-1 protein, which migrated with
an apparent molecular mass of 39 kDa (Fig. 7b), while the two
lines carrying the truncated Asb-1 transgene showed a 10-
to 20-fold difference in expression of the SOCS-box-deletion
Asb-1 protein with a slightly lower apparent molecular mass of
35 kDa. Both full-length and SOCS-box-deletion Asb-1 trans-
genic animals were healthy and fertile. They showed no gross
histological abnormalities, organ weight disparities, or hema-
topoietic perturbations in the range of assays outlined above,

with the exception of male transgenic mice expressing SOCS-
box-deletion Asb-1, which showed an approximately 25% de-
crease in the weight of both testes and salivary gland (P ,
0.005). Histological sections of these organs, however, revealed
no abnormalities that might explain such a difference.

DISCUSSION

Ankyrin repeats have been identified in more than 400 pro-
teins in eukaryotes, bacteria, and viruses (4). The archetypal
ankyrin repeat of 33 amino acids forms a V-shaped b-hairpin–
a-helix–turn–a-helix–loop motif, with consecutive repeats
stacking sequentially in bundles (6). It is clear that ankyrin
repeats are a generic structural motif involved in protein-pro-
tein interactions, and as such, their presence provides little
insight into the function of a novel protein. The SOCS box
motif is thought to act as an adaptor via which SOCS box-
containing proteins, and/or their protein partners, are targeted
for proteasomal degradation (8, 23). Thus, given the exquisite
specificity of ankyrin repeats, it is tempting to speculate that
the Asbs act to target a class or classes of interacting partner
proteins for degradation. In an attempt to understand what
cellular processes might be regulated by the Asbs, we have
generated mice deficient for Asb-1. This deficiency had no
obvious deleterious effects on normal development, with the
possible exception of a subtle defect in testicular cellularity.
Hemopoiesis in Asb-12/2 mice, both at steady state and in
response to several forms of hematopoietic stress, appeared
normal, despite expression of Asb-1 in wild-type hematopoietic
cells.

Given that Asb-1 is one of a 10-member family of ankyrin
repeat SOCS box-containing proteins, the lack of an overt
phenotype in Asb-12/2 mice raises the possibility of overlap-
ping or shared functions between individual members of the
family. In this context, it is interesting to note that some over-
lap does exist in the mRNA expression patterns of the Asbs in
normal mouse tissues. Asb-2, Asb-5, and Asb-10 share similar
expression patterns, their mRNAs most prominently seen in
heart and muscle. Asb-1 and Asb-3 are both widely expressed,
their mRNAs detected in all tissues examined. It is therefore
possible that Asb-1 deficiency in experimental animals is com-
pensated for by the actions of another Asb. This may or may
not require the upregulation of mRNA expression of the latter.
Northern blot hybridization analysis of Asb mRNA expression
in the tissues of Asb-12/2 mice and wild-type littermates re-
vealed no gross changes in the expression of Asb-2, Asb-3,
Asb-4, Asb-5, Asb-6, Asb-8, Asb-9, or Asb-10. However, func-
tional redundancy may still operate via normal expression lev-
els. A more detailed examination of Asb expression at the
cellular level, in combination with an analysis of mice lacking
multiple Asbs, may begin to directly address this issue.

The fact that overexpression of full-length Asb-1 has no
apparent effect on transgenic animals may further suggest that
Asb-1 is a protein whose level of expression is not critical.
However, if Asb-1 is indeed targeting partner proteins for
degradation via the SOCS box, a possibility supported by work
demonstrating that the SOCS box of Asb-2 can bind the elon-
gin BC complex (8, 23), one might expect the overexpression of
SOCS box-deletion Asb-1 to have a dominant negative effect.
Although this appears not to be the case in the mice studied

FIG. 7. (a) Schematic representation of the Asb-1 transgenes. The
sequence encoding full-length (i) or SOCS-box-deletion Asb-1 (ii) was
placed under the control of the human ubiquitin C promoter. (b)
Immunodetection of full-length Asb-1 protein in the tissues of two
lines (i and ii) of transgenic mice (1). HRT, heart; KID, kidney; TES,
testes; LIV, liver; LUN, lung; SPL, spleen. 293T cells transfected with
an Asb-1 expression vector (1) or vector alone (2) were included as
a positive control. (c) Immunodetection of SOCS-box deletion Asb-1
protein in the tissues of two lines of transgenic mice. A significant
difference in the level of Asb-1 protein expression between the two
lines was observed. To control for loading, 2 ml of each lysate in panels
b and c was Western blotted with rat anti-HSP70 antibody. SV40, sim-
ian virus 40; W, wild type; IP, immunoprecipitation; WB, Western blot.
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here, a more complete understanding of the biochemical role
of the SOCS box within the Asb family will be required to fully
interpret our observations in genetically modified mice.
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