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The mammalian Siak genes encode highly conserved proteins containing a RING domain. As components of
E3 ubiquitin ligase complexes, Siah proteins facilitate the ubiquitination and degradation of diverse protein
partners including 3-catenin, N-CoR, and DCC. We used gene targeting in mice to analyze the function of
Siahla during mammalian development and reveal novel roles in growth, viability, and fertility. Mutant
animals have normal weights at term but are postnatally growth retarded, despite normal levels of pituitary
growth hormone. Embryonic fibroblasts isolated from mutant animals grow normally. Most animals die before
weaning, and few survive beyond 3 months. Serum gonadotropin levels are normal in Siakla mutant mice;
however, females are subfertile and males are sterile due to a block in spermatogenesis. Although spermato-
cytes in mutant mice display normal meiotic prophase and meiosis I spindle formation, they accumulate at
metaphase to telophase of meiosis I and subsequently undergo apoptosis. The requirement of Siahla for
normal progression beyond metaphase I suggests that Siahla may be part of a novel E3 complex acting late

in the first meiotic division.

The Drosophila melanogaster gene seven in absentia (sina),
isolated in a screen for mutations affecting Drosophila adult
eye morphology, encodes a protein with an N-terminal RING
domain (9). The sina mutant phenotype includes lack of R7
photoreceptor cells, sensory bristle abnormalities, reduced life
span, uncoordination, and sterility. SINA interacts with a com-
plex of proteins including Phyllopod (PHYL), EBI, and
UBCD1 to promote the ubiquitination and proteasome-de-
pendent degradation of the transcriptional repressor
Tramtrack88 (TTKS88) (5, 10, 12, 13, 26, 45). These findings
suggest that SINA is the RING domain component of a mul-
tisubunit E3 that acts to target the degradation of TTK88
during eye development.

Highly conserved homologs of sina (the Siah genes) are
found in all multicellular organisms examined, including
plants. There are three functional murine Siah genes: Siahla,
Siah1b, and Siah2 (11). Siahla and Siahlb (collectively Siahl)
encode 282-amino-acid proteins differing at only six residues.
The 325-amino-acid Siah2 protein is almost identical to the
Siahl proteins except for a divergent and extended region
N-terminal to the RING domain. The human genome contains
only two Siah family genes, SI4HI and SI4H2, encoding pro-
teins almost identical to murine Siahla and Siah2, respectively
(19, 20).

The remarkably high sequence conservation and widespread
expression pattern of the mammalian Siah proteins indicate
that they carry out fundamental cellular tasks. Siah proteins
apparently operate in diverse signaling pathways, as they in-
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teract with several seemingly unrelated proteins. These include
the guanine nucleotide exchange factor Vav (16), metabo-
tropic glutamate receptors including mGluR1la (23), Peg3
(38), and a-tubulin (15). Other Siah-interacting proteins in-
cluding Bag-1, DCC, N-CoR, c-Myb, Kid, and OBF1 are de-
stabilized in cells overexpressing Siah (4, 15, 22, 43, 46, 47, 50).
Their degradation depends on proteasome activity, indicating
a role for Siah in the ubiquitin modification of interacting
proteins, similar to Drosophila SINA. Siah interacts with
UbcHS and SUMO-1-conjugating enzyme UbcH9 (30). There-
fore Siah appears to be an E3, or part of an E3 protein com-
plex, that recruits interacting proteins to an E2 through its
RING domain (21).

Several reports have implicated the Siah genes in cell cycle
control. Expression of p53 or p21 induces Siahl expression in
mammalian cells (1, 27, 28, 39), and Siahl expression causes
reduced cell growth without apoptosis (31). Recent findings
indicate that human STAH1 may be an important mediator of
cellular growth arrest in response to p53 expression through
targeted degradation of the transcriptional activator B-catenin
(28, 30; reviewed in reference 37). Consistent with the role of
SIAHI in growth arrest, serum stimulation of human fibro-
blasts causes a marked repression of SLAHI mRNA produc-
tion, with kinetics similar to those of transcripts encoding pro-
teins that inhibit the cell division cycle (24). Overexpression of
SIAHI in a human breast cancer cell line results in mitotic
alterations, failed cytokinesis, and increased apoptosis, also
implicating SIAHI in mitosis (7). These effects may be linked
to the recent finding that STAH1 interacts with and promotes
the degradation of the chromokinesin Kid (15).

Despite numerous biochemical studies demonstrating a con-
served E3 activity of the mammalian Siah proteins, their phys-
iological role remains unknown. To investigate this, we pro-
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duced and characterized mice with a targeted mutation of the
Siahla gene. The phenotype of these mice is inconsistent with
many published properties of Siah proteins. The most pro-
found cellular defect in Siahla mutant mice is male sterility
due to a block in spermatogenesis at metaphase of the first
meiotic division, with subsequent spermatocyte apoptosis. This
defines a novel function of Siahla during meiosis.

MATERIALS AND METHODS

Targeted mutation of murine Siahla. The targeting construct was built by
using the pPNT vector (49). DNA obtained from screening a 129sv genomic
library (11) was subcloned into plasmids and used to generate the 5" and 3’
targeting arms (see Fig. 1A). A 2.5-kb Kpnl fragment from immediately 5’ of the
Siahla coding sequence was cloned into the Kpnl site of pPNT between the neo
and thymidine kinase genes, and its orientation was checked by restriction di-
gestion. To generate the 3’ arm, a parental 7.8-kb BamHI/Kpnl genomic DNA
fragment in pBluescript (no. 1513) was used. To generate more polylinker sites,
the 3’ 7.0 kb of this fragment was shuttled in two steps into pHXK, derived from
pHSS (42). First, a 3.0-kb (BstXI)/Sacl fragment from 1513 was cloned into
(Sall)/Sacl-digested pHXK (parentheses indicate that the restriction endonucle-
ase site is blunted). The resultant plasmid was digested with SacI/Kpnl, and the
adjacent 4.0-kb Sacl/Kpnl fragment from 1513 was inserted. From this, the 3’
arm was isolated as a 7.0-kb (BamHI)/Notl fragment and cloned into (Xhol)/
Notl-digested 5" arm-pPNT. After verification with restriction enzymes, the con-
struct was amplified and purified twice through CsCl gradients.

Fifteen micrograms of Notl-linearized construct was electroporated into W9.5
129sv embryonic stem (ES) cells, which were cultured on a fibroblast feeder
layer. Colonies were selected in media containing 10° U of leukemia inhibitory
factor (Amrad)/ml, 200 pg of G-418 (GibcoBRL)/ml, and 2 wM ganciclovir
(Syntex). Genomic DNA from resistant colonies was digested with BstXI and
Southern blotted (41). Blots were probed with an 800-bp Kpnl fragment (probe
P) from immediately upstream of the Kpnl site marking the 5’ end of construct
homology, producing a 5.2-kb band for wild-type clones and an additional 4.4-kb
band for targeted clones. Targeted ES cells (clones 12E5 and 3A4) were injected
into C57BL/6J blastocysts to generate chimeras, which were mated to C57BL/6J
females. Agouti pups were genotyped, and heterozygotes were intercrossed to
generate Siahla™'~ mice. To confirm deletion of the coding region, a Southern
blot of Sacl-digested genomic DNA of each genotype was probed with a 560-bp
Sspl fragment from the coding region of the Siah1b gene. Further genotyping was
done by PCR using the primers lafwd (5'GCGAATTCCAAGTATCTATGAC
ATGTATA), 2005 (5'TGGACTTGTGCTGATGC), and 409 (5'GAAGAACG
AGATCAGCAGCCTCTGTTCCAC). lafwd and 2005 yield a 560-bp fragment
from the wild-type allele, whereas lafwd and 409 yield a 285-bp fragment from
the targeted allele. PCR conditions were 38 cycles of 20 s at 95°C, 30 s at 57°C,
and 40 s at 72°C. Phenotypic data were obtained by using mice with a mixed
(C57BL/6] X 129sv) genetic background; however, the mutant phenotype was
recapitulated in pure 129sv mice, derived from either the 12ES or 3A4 ES clones
(data not shown).

Northern and Western blot analyses. mRNA was isolated from the testes,
brains, and spleens of each genotype. Northern blots were hybridized with the
same probe used for the coding region Southern blot. Mouse organ protein
lysates were prepared in radioimmunoprecipitation buffer (25 mM Tris [pH 8],
50 mM NaCl, 0.5% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate [SDS]) containing 1 g of pepstatin, 10 pg of leupeptin, and 10 pg of
aprotinin/ml; 1 mM phenylmethylsulfonyl fluoride; and 50 uM MG132 protea-
some inhibitor. Samples were assayed for protein content with Bradford reagent,
and 25 to 75 pg of protein was separated by reducing SDS-polyacrylamide gel
electrophoresis. Following Western transfer, filters were probed with monoclo-
nal anti-Siah1 antibody 3A9 at 5 pg/ml, a rabbit anti-Kid antibody at 6 pg/ml, or
a goat anti-SCP3 antibody at 1:150. Anti-Siah monoclonal antibodies were pro-
duced by immunizing mice with the full-length Siahl protein.

Histological analysis. Testes were fixed in Bouin’s solution, dehydrated, and
embedded in paraffin wax. Sections were stained with hematoxylin and eosin.
Immunohistochemistry was performed with an LSAB+ kit with 3,3’-diamino-
benzidine chromogen (DAKO). In situ labeling of apoptotic cells was carried out
using the ApopTag Plus peroxidase kit (Intergen). For transmission electron
microscopy, mice were anesthetized and testes were fixed by perfusion using 4%
paraformaldehyde and 5% glutaraldehyde in 80 mM Sorensen’s phosphate-
buffered saline. Testes were processed and sectioned by standard procedures.
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Meiotic prophase analysis. Chromosome spreads were prepared based on
previously described methods (36). Briefly, a germ cell suspension was made in
alpha-modified Eagle’s medium with 25 mM glucose. After pelleting and resus-
pension in 0.1 M sucrose buffered with 10 mM boric acid, pH 9.2, a drop of germ
cells was gently added to a film of 1% paraformaldehyde, pH 9.2, on a clean glass
slide. Slides were incubated for 2 h in a humid chamber, rinsed with 0.4%
Agepon (Agfa), and stored frozen.

Primary antibodies used for indirect immunofluorescence were goat anti-SCP3
at 1:200, monoclonal anti-a-tubulin (Sigma) at 15 wg/ml, monoclonal anti-
SUMO-1 (Zymed) at 3 pg/ml, and rabbit anti-Kid at 8 pg/ml. Secondary anti-
bodies used were Alexa488 donkey anti-goat immunoglobulin G (IgG) and
Alexa594 rabbit anti-mouse IgG (Molecular Probes) and Cy3 donkey anti-rabbit
1gG (Jackson ImmunoResearch). DNA was stained with DAPI (4',6'-diamidino-
2-phenylindole). Slides were examined with a Zeiss Axioskop 2 microscope, and
images were captured by a Diagnostic Instruments SPOT camera and manipu-
lated with Adobe Photoshop software.

Hormone assays. Follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH) concentrations were determined by radioimmunoassay, with re-
agents provided by the National Institute of Diabetes and Digestive and Kidney
Diseases (Bethesda, Md.). Tracer hormone iodinations were carried out using
Iodo-Gen reagent (Pierce). The lower limits of detection of FSH and LH were
0.33 and 0.11 ng/ml, respectively. The within-assay variations in the FSH and LH
assays were 7.4 and 5.1%, respectively. Testosterone concentrations were mea-
sured by direct radioimmunoassay as described previously (35).

RESULTS

Production of Siahla mutant mice. The Siahla coding re-
gion resides on a single exon. A targeting construct was de-
signed to replace the coding region with a neomycin resistance
cassette (neo), leaving only the first 22 codons intact (Fig. 1A).
Gene targeting was achieved in 20 of 650 G-418-resistant ES
cell clones (see Materials and Methods). Germ line-transmit-
ting chimeras yielded Siahla heterozygotes, which were inter-
crossed to produce progeny of all three genotypes (Fig. 1B).
Southern analysis, using a probe that hybridizes to each Siahl
gene (11), demonstrated specific loss of the 4.3-kb Siahla-
hybridizing band in Siahla™'~ and Siahla—'~ mice (Fig. 1C).

Northern analysis of brain and testis mRNA, using a probe
that detects Siahla and Siahlb transcripts, demonstrated that
the two differentially polyadenylated Siahl transcripts (11)
were reduced in the brains, and almost completely absent in
the testes, of Siahla™'~ mice (Fig. 1D). The remaining signal
presumably represents Siahlb mRNA. Siah2 transcript levels,
normally low in testis (11), were unaffected by Siakla mutation
(data not shown).

Lysates from testes and brain were Western blotted with a
monoclonal antibody recognizing Siahl that we generated
(Fig. 1E). Two specific protein species were detected in testes
of wild-type and Siahla™'~ mice, one of the predicted size for
Siah1 proteins (33 kDa) and another of 64 kDa. Siahla muta-
tion resulted in loss of over 90% of both species, suggesting
that the larger species may be a modified Siahl protein. As the
targeted allele lacks the Siahla coding region, the remaining
Siahl1 protein observed is presumably Siah1b.

Siahla deficiency causes postnatal growth retardation and
mortality. Disruption of Siahla caused postnatal growth retar-
dation. The weight and morphology of embryonic day 18.5
(€18.5) Siahla~'~ embryos were normal; however, Siahla '~
pups weighed significantly less than their littermates 24 h after
birth (data not shown). This continued throughout postnatal
development, and adult mutant mice were consistently about
60% of normal weight (Fig. 2A and B). Externally, Siahla '~
mice were normally proportioned, and carcass weight was de-
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FIG. 1. Disruption of Siahla by gene targeting. (A) Targeting strat-
egy Box, single coding exon of the wild-type Siahla locus (coding
region is black). The targeting vector is shown below the wild-type
locus, with parallel dashed lines bordering the targeting sequences.
Homologous recombination yields the targeted locus, containing only
the first 22 codons of the Siahla coding region (x). B, BstXI; K, Kpnl;
S, Sacl. (B) Southern analysis of BstXI-digested genomic DNA from
progeny of a Siahla*'~ intercross. Probe P hybridizes to a region 5’ of
the targeting sequence and was used to distinguish between the wild-
type (5.2-kb) and targeted (4.4-kb) alleles. (C) Southern analysis of
Sacl-digested genomic DNA from progeny of a Siahla™'~ intercross,
probed with a coding region fragment that hybridizes to the four
murine Siahl genes including pseudogenes Siahl-psl and Siahl-ps2.
(D) Northern blot of mRNA isolated from testes and brains of mutant
and control mice and hybridized with the Siahl coding region fragment
used for Southern analysis. Blots were stripped and reprobed with a
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) loading con-
trol. (E) Western blot of whole-testis lysates from mutant and control
mice, blotted with anti-Siahl monoclonal antibody 3A9. x*, 64-kDa
species.

creased in proportion to body weight. The sizes of the gastro-
intestinal tracts and most other organs of Siahla~'~ mice rel-
ative to total body weight were also normal; however, the testes
and livers were disproportionately small (Fig. 2C). Although
lower than those of littermate controls, brain and lung weights
were disproportionately increased relative to body size in
Siahla™'~ mice. We measured the abundances of Siah target
proteins 3-catenin and Bag-1 in spleens, thymuses, large intes-
tines, kidneys, livers, testes, lungs, brains, and skeletal muscles
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of control and Siahla '~ mice by Western analysis. No differ-
ences in the steady-state levels of these proteins were observed
(Fig. 2D). Available antibodies to other Siah substrates were
ineffective. In addition, blotting with an anti-Siah1 monoclonal
antibody revealed that Siah1b protein was present at low levels
in all Siahla ™'~ tissues examined, and its abundance relative to
that of the wild-type total Siah1 protein was constant for most
tissues (Fig. 2D).

To test whether cell cycle abnormalities were the basis of the
growth phenotype, we compared growth of murine embryonic
fibroblasts (MEFs) derived from wild-type embryos and
Siahla~'~ embryos. Early-passage Siahla '~ MEFs grew at a
normal rate in culture and underwent senescence equivalently
to wild-type cells (Fig. 3A and B). The ratio of cells in each
phase of the cell cycle was also normal (Fig. 3C). These data
suggested that the growth defect of Siahla~/~ mice was un-
likely to be a result of reduced cell proliferation.

The postnatal smallness and sterility (see below) of mutant
mice indicated a possible defect in development of the anterior
pituitary gland, which produces the gonadotropins and growth
hormone (GH). However GH levels in whole-pituitary lysates
from mutant animals were normal (control mice, 22.8 * 2.1
ng/mg of pituitary tissue [z = 6]; Siahla~'~ mice, 18.9 + 3.7
ng/mg [n = 5]; means * standard errors of the means). Siahla
maps closely to the proportional dwarf (pdw; [44]) mutation on
mouse chromosome 8 (19), but sequencing the Siahla coding
region of pdw mice failed to detect any mutations (data not
shown). We have not tested whether pdw is allelic to Siahla by
intercrossing.

Siahla deficiency also caused premature death. The geno-
types of embryos and newborn litters from Siahla*’~ inter-
crosses conformed to the predicted Mendelian ratio (21
+/+:56 +/—:26 —/— or 1:2.7:1.2). However, this ratio was
85:152:24 (1:1.8:0.3) for pups at weaning; thus, about 70% of
Siahla™'~ pups died during the nursing period. Increased mor-
tality also occurred in older Siahla~'~ mice, sometimes asso-
ciated with wasting, but some survived several months. Life
span was improved by providing a food slurry, but many ani-
mals died at an apparently healthy weight. To check for po-
tential causes of death, all vital organs were histologically sur-
veyed; however, no major abnormalities were uncovered.
Despite their unusually small size, livers from several
Siahla~'~ mice showed no evidence of increased apoptosis, as
measured by terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining (data not
shown). Hematopoietic tissues appeared normal in Siahla '~
mice, as judged by histology and flow cytometry of T-cell,
B-cell, and granulocyte lineages.

Mutant male sterility and female subfertility. When mated
to wild-type females, Siahla’/~ males were infertile.
Siahla~'~ testes were disproportionately small (Fig. 2C), de-
spite normal serum testosterone levels (control mice, 5.4 + 3.4
ng/ml [n = 11]; Siahla~'~ mice, 11.6 = 4.8 ng/ml [n = 11]).
Furthermore the levels of FSH and LH in serum and whole-
pituitary lysate from mutant mice of both sexes and controls
were not significantly different (data not shown), indicating
that the pituitary gonadal axis was intact.

Several Siahla'~ female mice were mated to wild-type
males. Litters were produced infrequently, only by particular
females, and died within 1 day. Ovarian follicles appeared
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FIG. 2. Siahla™'~ mice are growth retarded. (A) Small size of a 2-week-old Siahla mutant mouse (right) compared to that of a sex-matched

wild-type littermate (left). (B) Representative growth curve (means and ranges) of male Siakla

+T (squares; n = 2), Siahla™'~ (triangles; n = 4),

and Siahla™'~ (circles; n = 2) mice from two age-matched litters. Data for females showed a similar trend. (C) Wet weights (means * standard
errors of the means) of tissues from Siahla ™/~ animals expressed as percent changes compared to those of wild-type littermates. Data were
obtained from mice between 3 and 10 weeks of age (n = 7 to 10; n = 16 for testes). *, P < 0.001; #, P < 0.05 (both compared to change in total
body weight (grey). (D) Western blot of organ lysates from mutant and control mice, blotted with antibodies recognizing Siahl, B-catenin, and

Bag-1.

histologically normal, and Sizhla '~ female fertility is not
examined here.

Interrupted spermatogenesis in Siakla mutant males. Sper-
matogenesis occurs in the seminiferous tubules of the testes.
Spermatogonia in the basal region of tubules undergo mitosis
to form spermatocytes, which undergo a premeiotic S phase
and a lengthy meiotic prophase. Two rapid meiotic divisions
without an intervening S phase form haploid spermatids, which
elongate and are eventually released into the tubule lumen as
immature spermatozoa (Fig. 4A). This process is highly or-
dered and occurs in waves along a seminiferous tubule; there-
fore, a single testis section allows examination of tubules at
each stage of spermatogenesis (40).

Testes from adult Siakhla~'~ mice displayed gross defects of
the seminiferous tubule epithelium, varying in severity among
males (Fig. 4). Intertubular regions, Sertoli cells, and sper-
matogonia all appeared normal. However postmeiotic round

and elongating spermatids were completely absent in about
one-half of the mutant mice examined (Fig. 4C and E), and
severely depleted in the remainder (Fig. 4F). Phenotypic het-
erogeneity was observed even on a pure 129sv genetic back-
ground.

Spermatocytes in prophase 1 of meiosis in Siahla ™'~ mice
appeared normal; however, spermatocytes undergoing the
meiotic divisions were abnormal. In males with a more marked
phenotype, progression past meiotic metaphase I was rare, and
all cells at anaphase I or beyond appeared unusual. Defects
included degeneration of metaphase and anaphase cells (Fig.
4C and G to I) and bi- or multinucleated cells, indicating
failure to complete chromosome segregation and meiotic divi-
sion (Fig. 4C and I). The seminiferous epithelium was vacuo-
lated, and immature germ cells were present in the lumen (Fig.
4C and E). Consequently the mutant epididymis was devoid of
spermatozoa and contained only immature spermatocytes,
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FIG. 3. Growth properties of Siahla~'~ MEFs. Means =+ standard
deviations (Siahla*'"embryos, n = 2; Siahla’~ embryos, n = 3) from
duplicate assays of each of n independent MEF preparations derived
from littermate e14 embryos are shown. Similar results were obtained
with MEFs derived from separate litters. Black, wild type; grey (A and
B) or white (C), Siahla '~. (A) MEF growth. Passage 4 MEFs were
plated at 2 X 10° cells/60-mm-diameter culture dish, and cell numbers
were determined daily for 7 days. (B) 3T3 analysis of MEF prolifera-
tion and senescence. Passage 4 MEFs were plated at 3 X 10° cells/60-
mm-diameter culture dish. Cell numbers were determined after 3 days,
before replating at the starting density. MEFs of both genotypes un-
derwent senescence by passage 7. (C) Cell cycle distribution of asyn-
chronously growing passage 4 MEFs. Flow cytometry using 5-bromo-
2'-deoxyuridine labeling and propidium iodide staining was used to
assess the percentage of cells in each phase of the cell cycle.

many with compacted chromatin and apparently in the process
of meiotic division or degeneration (Fig. 4K).

In mice, the first wave of spermatogenesis begins shortly
after birth, the first meiotic divisions occur at about postnatal
day 20 (p20), and by p35 the first spermatozoa are produced
(32). We examined testes of Siahla/~ animals at specific
developmental stages. At pl8, spermatocytes were the most
mature germ cells in wild-type and Siahla '~ mice (Fig. 4L
and M). However by p22, when most wild-type tubules con-
tained postmeiotic round spermatids (Fig. 4N), Siahla ™'~ tes-
tes were clearly abnormal. Round spermatids were absent;
however, many tubules contained dividing spermatocytes or
were vacuolated due to spermatocyte loss (Fig. 40). These
findings suggested that neither mitotic proliferation of sper-
matogonia nor meiotic prophase was compromised in
Siahla~'~ mice; however, progression beyond metaphase I was
defective.

Siahla deficiency impairs progression past meiotic meta-
phase I. Spermatocytes undergoing the meiotic divisions are
distinguishable from prophase spermatocytes by their chroma-
tin morphology. Examination of every tubule (approximately
300) in a testis midline section from 10-week-old animals re-
vealed that 13.5 = 2.1% of Siahla~’~ mouse tubules harbored
meiotically dividing spermatocytes compared to 8.3 * 1.4% for
littermate controls (n = 5; P < 0.05), suggesting that the
process of meiotic cell division was slightly prolonged in
Siahla~'~ spermatocytes. The prophase of meiosis lasts about
3 weeks in mice and consists of four main stages: leptonema,
zygonema, pachynema, and diplonema. As spermatogenesis
progresses from stage XII to stage I, spermatocytes complete
both meiotic divisions to form round spermatids and within the
same tubule zygotene spermatocytes enter pachynema (40). In
Siahla~'~ testes, dividing spermatocytes persisted in stage I
tubules (data not shown), consistent with delayed progression
through the meiotic cell division cycle. Many of these accumu-
lating spermatocytes remained at metaphase I.
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The prolonged metaphase I and lack of postmeiotic cells in
Siahla~'~ testes prompted an investigation of germ cell death
using TUNEL staining. Apoptotic spermatocytes were abun-
dant in particular seminiferous tubules in Siahla '~ testis sec-
tions, indicating stage-specific cell death (Fig. 5B). Invariably
these tubules harbored meiotically dividing cells, and many
degenerating spermatocytes appeared to be stalled at meta-
phase I. Other dying cells showed chromatin separation rem-
iniscent of anaphase, were binucleated, or appeared to be at
metaphase II (Fig. 5C to E). Tubules containing only prophase
I spermatocytes were not TUNEL positive (Fig. 5B). Not all
tubules containing metaphase I spermatocytes were TUNEL
positive, presumably because these cells had not been delayed
for sufficient time to trigger apoptosis. Germ cell apoptosis in
pl18 Siahla™'~ testes (Fig. 5F) was minimal and comparable
with that in testes of p18 or p22 wild-type mice. However
widespread apoptosis of dividing spermatocytes was observed
within particular tubules of p22 mutant testes (Fig. 5G). To-
gether with data from adult mice, this suggested that
Siahla~'~ germ cells either underwent apoptosis at metaphase
I or progressed to anaphase or telophase I before degenerat-
ing.

Normal meiotic prophase and spindle assembly in Siakla
mutant germ cells. We initially hypothesized that failure to
properly progress past meiotic metaphase I may be caused by
activation of a checkpoint, as has been observed in mice with
defective pairing of homologous chromosomes (homologs)
during prophase (see Discussion). We examined homolog syn-
apsis and recombination in Siahla™/~ spermatocytes using
whole-testis germ cell spreading. Prophase progression was
monitored by indirect immunofluorescence staining of SCP3
(25), which is part of the synaptonemal complex between syn-
apsed homologs during pachynema and remains on the desyn-
apsed axes during diplonema. No abnormalities in chromo-
some pairing were detected in Siahla™’~ spermatocytes, by
either SCP3 staining or electron microscopy of synaptonemal
complexes (Fig. 6A to E). The ratio of pachytene to diplotene
spermatocytes in Siahla '~ spreads was normal, as were sex
chromosome pairing, the number of chiasmata per diplotene
bivalent, and the localization of other recombination proteins
such as RADS1 and MLH1 (data not shown). Collectively all
stages of meiotic prophase in Siahla~'~ mice appeared nor-
mal.

Accumulation of metaphase I spermatocytes in Siahla '~
testes also suggested possible activation of a meiosis I spindle
checkpoint; however, normal bipolar meiosis I spindles were
observed (Fig. 6F). In addition, costaining of a-tubulin and
SCP3, which remains on kinetochores until anaphase II (33),
revealed normal microtubule attachment to kinetochores in
the majority of Siahla '~ spermatocytes examined (Fig. 6H).

Kid expression during mammalian meiosis I. The accumu-
lation and death of Siahla~'~ spermatocytes at metaphase to
telophase I were consistent with failed degradation of an an-
aphase I inhibitor protein, and we hypothesized that Siahla
may be required for Kid proteolysis at metaphase I (see Dis-
cussion). Kid localizes to the mitotic spindle and chromatin in
somatic cells (48), but its role in meiosis I was unknown. Using
immunofluorescence we found that in both wild-type and
Siahla~'~ spermatocytes Kid was present on chromatin during
meiotic prophase (Fig. 6I) and also on the meiosis I spindle
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FIG. 4. Defective spermatogenesis in Siahla’~ mice. (A) Schematic of spermatogenesis, including the stages of meiosis I where Siahla '~
spermatogenesis is clearly aberrant (red). Not all cell types listed are present in a single seminiferous tubule section. (B to O) Hematoxylin- and
eosin-stained testis and epididymis sections from representative Siahla '~ and control mice. (B to I) Testis sections from adult mice. (B) Wild type
at stage XII (40), showing spermatogonia (g), metaphase I spermatocytes (m), and elongating spermatids (e). (C) Severely affected Siahla '~ testis
at a stage similar to that shown in panel B but with clearly abnormal dividing spermatocytes at metaphase through telophase I (arrowheads). Note
the abnormally eosinophilic cytoplasm of degenerating dividing spermatocytes, a binucleated spermatid (b), and the absence of elongating
spermatids. (D to F) Normal testis morphology of wild-type mice (D) compared to the complete or partial absence of postmeiotic cells in mutants
with severe (E) or mild (F) phenotypes. (G to I) Abnormal spermatocytes in mutant animals. Defects observed include apparently degenerating
metaphase and anaphase I spermatocytes (G and H; arrowheads) and unusual chromatin figures and binucleated cells (I, arrowheads). (J and K)
Epididymis sections showing abundant spermatozoa in the wild type (J) compared to mutant (K), which contains only immature spermatocytes.
Many of these have chromatin figures reminiscent of meiotically dividing cells (arrowhead). (L to O) Testis sections from wild-type (L and N) and
mutant (M and O) juvenile mice. At day 18 (L and M) the wild type and mutant are comparable. By day 22 (N and O) round spermatids are present
in the wild type (arrowhead); however Siahla /~ tubules harbor abnormal spermatocytes undergoing meiotic division (arrowhead). Bars: 10 (B,
C, and G to I), 50 (D to F), and 20 pm (J to O).

(Fig. 6J and K). However we were unable to discern differences
in Kid abundance between Siahla '~ cells and controls. In

or sex chromosome asynapsis (8, 29), has been observed in
other mutant mice. Despite strong histological similarities be-

addition, no consistent difference in the abundance of Kid was
found by Western analysis of testis lysates when results were
normalized against those for meiotic antigen SCP3 (Fig. 6L).

DISCUSSION

Siahla is required for male meiosis I. We have described a
novel function of Siahla in meiosis. The initiation and duration
of meiotic prophase in Siahla~'~ mice are normal; however,
spermatocytes appear to accumulate at metaphase I prior to
apoptosis. Although some spermatocytes apparently progress
beyond metaphase I, they appear abnormal and fail to divide.
Metaphase arrest, caused by failed meiotic recombination (3)

tween these mice and Siahla '~ animals, we were unable to
detect homolog asynapsis or other meiotic prophase abnormal-
ities in Siahla~'~ spermatocytes.

Possible targets of Siahla E3 activity during meiosis I. Siah
proteins function biochemically as E3 ubiquitin ligase compo-
nents, so it is probable that the block at meiosis I in Siahla =/~
spermatocytes is due to perturbed proteolysis of one or more
substrates of Siahla. As meiosis stalls at metaphase I through
telophase I but not before, Siahla may play a role in the
metaphase I-to-anaphase I transition. Ubiquitin-dependent
proteolytic cleavage of anaphase inhibitors facilitates the met-
aphase-to-anaphase transition in cell division across all species
(reviewed in reference 34). The separase inhibitor securin ap-
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FIG. 5. In situ staining of apoptotic spermatocytes in mutant testes. DNA fragmentation was visualized by TUNEL staining (hematoxylin
counterstained). (A to E) Adult testes from wild-type (A) and mutant (B to E) mice. Apoptosis in mutants is confined to particular seminiferous
tubules (B), all containing meiotically dividing spermatocytes (C). Apoptotic DNA fragmentation (D and E) is clearly visible in spermatocytes at
metaphase I to telophase I (arrowheads). (F and G) Developmental analysis of apoptosis in testis from Siahla~'~ mice at days 18 (F) and 22 (G).
Note the appearance of numerous apoptotic spermatocytes (arrowheads) at day 22. Bars: 50 (A and B), 10 (C to E), and 20 um (F and G).

pears unlikely to be a target of Siahla at metaphase I, because
disjunction of homologs is observed in many mutant spermato-
cytes. Recent studies have revealed a second inhibitor of chro-
mosome segregation, the Kid chromokinesin (reviewed in ref-
erence 17). Human Kid is a microtubule-associated motor
protein that binds DNA, and during mitosis Kid is found on
chromosomes and the spindle (48). A Xenopus homolog of Kid
(Xkid) is required for metaphase chromosome alignment in

frog egg extracts (2, 14). Xkid is rapidly degraded at anaphase,
and inhibiting its degradation prevents anaphase onset. There-
fore Xkid provides a polar ejection force on chromosomes that
must be inactivated to allow their segregation. In the Xenopus
egg extract system, which reconstitutes meiosis II, Xkid prote-
olysis at anaphase requires anaphase-promoting complex/cy-
closome activity (14). However human Kid was recently found
to interact with human SIAHI, and overexpression of SIAH1
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FIG. 6. Meiotic prophase analysis and Kid expression in mutant spermatocytes. Thousands of spermatocytes from several wild-type and
Siahla™'~ mice exhibiting various degrees of phenotypic severity were examined. Typical cells are shown. (A to D) Spermatocytes from wild type
(A and C) and Siahla~'~ (B and D) germ cell spreads stained with DAPI to visualize DNA (blue) and antibodies to SCP3 (green) and SUMO-1
(red). SUMO-1 localizes to the sex body, allowing identification of the paired X and Y chromosomes. (A and B) Pachytene spermatocytes showing
19 fully synapsed autosomal bivalents and an X-Y chromosome pair. (C and D) Diplotene spermatocytes showing normal chiasma formation and
end-to-end X-Y chromosome attachment. (E) Transmission electron micrograph of a Siahla™'~ pachytene spermatocyte. The synaptonemal
complex is morphologically normal; lateral (arrow) and central (arrowhead) elements are indicated. (F) Anti-a-tubulin immunohistochemistry
showing normal spindle morphology (arrowheads) in Siahla~'~ metaphase I spermatocytes. (G and H) Metaphase I spermatocytes from wild-type
(G) and Siahla mutant (H) mice stained with DAPI and antibodies to SCP3 (green) and a-tubulin (red). Each spermatocyte has settled down flat,
collapsing on its spindle pole axis. Thus bipolar spindle morphology is not seen but kinetochores are easily distinguishable. Each of the 40 SCP3
foci represents a superimposed pair of sister kinetochores (6), corresponding to the diploid chromosome number. Kinetochore attachment and
spindle morphology in wild-type spermatocytes are comparable to those in Siahla ™/~ spermatocytes. (I to L) Kid expression in mammalian
spermatocytes. (I to K) Spermatocytes from wild-type (I and J) and Siahla~'~ (K) germ cell spreads stained with antibodies to SCP3 (green) and
Kid (red). Metaphase I spermatocytes (J and K) are also stained with DAPI (blue). Kid localizes to chromatin in prophase spermatocytes (I) and
to the metaphase I spindle in spermatocytes of both genotypes (J and K). (L) Western blot of whole-testis lysates from mutant and control mice,

blotted with the anti-Kid antibody. Kid migrates at approximately 70 kDa. Bars: 5 (A to D, G, H, and I to K), 1 (E), and 10 pm (F).

in cells causes ubiquitin-dependent Kid degradation (15).
Therefore Kid protein levels may be regulated by more than
one E3 ubiquitin ligase complex.

The inability of many Siahla '~ spermatocytes to enter an-
aphase I is consistent with persistence of a polar ejection force
acting on chromosomes, and it is tempting to speculate that
accumulation of the Kid protein may be the basis for this. The
role of Kid during meiosis I was not known. We demonstrate
that Kid localizes to the metaphase I spindle, consistent with a
role for Kid in meiosis I chromosome movement. However it is
not known whether Kid degradation is necessary for chromo-
some segregation at anaphase I. We have been unable to
observe an accumulation of Kid protein in metaphase
Siahla™'~ spermatocytes or in testis lysates. However
Siahla~—'~ cells that may contain abnormally elevated Kid lev-
els are quickly lost through apoptosis and represent a small

fraction of testis cells, which limits their detection by immu-
nofluorescence or Western blotting. Thus we cannot rule out
the possibility that Siahl may facilitate Kid degradation and
chromosome segregation during mammalian meiosis 1.

Are Siah proteins required for mitosis in vivo? Previous in
vitro studies describe Siahl induction in response to p53 or p21
overexpression (1, 27, 28, 39) and Siah1 repression upon stim-
ulation of growth-arrested cells (24). Furthermore it appears
that overexpression of Siahl is sufficient to arrest cell growth
(31), and Siahl proteins are implicated in p53-mediated
B-catenin degradation in response to DNA damage (28, 30,
37). Human STAHI1 overexpression causes mitotic abnormali-
ties and failed cytokinesis, implicating Siah1 proteins in mitosis
as well as growth arrest (7). In light of these reports the meiotic
cell division phenotype and reduced size of Siahla™'~ mice are
intriguing. However, several of our findings argue against a
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general role for Siahla in somatic cell growth in vivo.
Siahla~'~ animals are normal size at birth, and primary fibro-
blasts derived from Siahla™'~ embryos proliferate normally
and have normal DNA content. Other rapidly proliferating
cells such as those of the gut and hematopoietic system appear
unaffected, and, in contrast to what is found for testis germ
cells, there is no evidence of increased somatic cell death in
Siahla™'~ mice.

It is possible that there is considerable functional redun-
dancy among the closely related Siah proteins. Indeed, Siah2
mutation is synthetically lethal with Siahla mutation, although
loss of both genes does not lead to obvious proliferative defects
in somatic cells (R. A. Dickins, I. J. Frew, and D. D. L. Bowtell,
unpublished observations). Siahla and Siah1b are almost iden-
tical and likely to be biochemically redundant; therefore,
Siahlb expression may mask the full consequences of Siahl
deficiency. Interestingly, Siahlb is on the murine X chromo-
some, most of which is transcriptionally silenced during meio-
sis in male germ cells (18). This may explain why removal of
Siahla has dire consequences for meiotic but not mitotic cells.
Experimental removal of Siahlb function will clarify the full
repertoire of Siahl activities.
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