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Cullin-based ubiquitin ligases (E3s) constitute one of the largest E3 families. Fbxw8 (also known as Fbw6
or Fbx29) is an F-box protein that is assembled with Cul7 in an SCF-like E3 complex. Here we show that Cul7
forms a heterodimeric complex with Cull in a manner dependent on Fbxw8. We generated mice deficient in
Fbxw8 and found that Cul7 did not associate with Cull in cells of these mice. Two-thirds of Fhxw8™'~ embryos
die in utero, whereas the remaining one-third are born alive and grow to adulthood. Fhbxw8 ™'~ embryos show
intrauterine growth retardation and abnormal development of the placenta, characterized by both a reduced
thickness of the spongiotrophoblast layer and abnormal vessel structure in the labyrinth layer. Although the
placental phenotype of Fhbxw8 '~ mice resembles that of Cul7~/~ mice, other abnormalities of Cul7~'~ mice are
not apparent in Fhxw8™’~ mice. These results suggest that the Cul7-based SCF-like E3 complex has both

Fbxw8-dependent and Fbxw8-independent functions.

Ubiquitin-dependent proteolysis plays indispensable roles in
various biological processes (6, 17, 38). Protein ubiquitylation
is mediated by several enzymes that act in concert. A ubiquitin-
activating enzyme (E1), with ATP as a substrate, catalyzes the
formation of a thioester bond between itself and ubiquitin, and
it then transfers the activated ubiquitin to a ubiquitin-conju-
gating enzyme (E2). Certain E2 enzymes transfer ubiquitin
directly to the protein substrate, whereas others require the
participation of a third component, a ubiquitin ligase (E3), to
achieve this effect (16). Hundreds of E3s have been identified
in eukaryotes and classified into three groups: HECT-type,
U-box-type, and RING-type E3s. Cullin-based E3s, a subtype
of RING-type E3s, are multisubunit complexes (13, 30). To
date, seven mammalian proteins, Cull, Cul2, Cul3, Cul4A,
Cul4B, Cul5, and Cul7, have been identified as members of the
cullin family. These proteins interact via their COOH-terminal
cullin homology domain with Rbx1 or Rbx2, each of which
contains a RING finger domain that interacts with E2. They
also interact via their NH,-terminal cullin repeat (with or with-
out the participation of an adapter molecule such as Skpl or
Elongin C) with substrate recognition molecules, such as F-box
proteins in the Cull-based SCF complex (7, 20, 23, 28, 39),
VHL-box proteins in the Cul2-based ECV complex (22), BTB
domain proteins in the Cul3-based E3 complex (12, 31, 40),
and SOCS-box proteins in the Cul5-based ECS complex (22).
At least two other molecules, the APC2 subunit of the an-
aphase-promoting complex/cyclosome and the Cul7-related
protein Parc, also possess a cullin homology domain (30, 34).

Cul7 was originally identified as p185, a protein that binds
the large T antigen of simian virus 40 (24). The interaction of
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p185 with large T antigen is important for the cellular trans-
formation activity of the latter (2), and the BH3 domain iden-
tified in the COOH-terminal region of pl85 is thought to
function in the promotion of apoptosis (36). More recently,
p185 was isolated as a protein that binds Rbx1 and which
contains a COOH-terminal cullin homology domain; it was
thus named Cul7 (11). Cul7 possesses ubiquitylation activity in
vitro and interacts with the F-box protein Fbxw8 (also known
as Fbw6 or Fbx29), which was identified as a Cul7-binding
protein by “pull-down” analysis with Cul7 (11). Fbxw8 is thus
not only the receptor component of an SCF (Skp1, Cull, F-box
protein, Rbx1)-type E3 complex but is also the only F-box
protein known to interact with Cul7 (4, 11). Cul7 does not
interact directly with Skp1 but does so indirectly in an Fbxw8-
dependent manner. Fbxw8 appears to interact with Cul7 with
a higher affinity than it does with Cull.

Mice deficient in Cul7 exhibit intrauterine growth retarda-
tion as a result of abnormal development of the placenta,
characterized by impaired formation of the spongiotrophoblast
layer and of vessels in the labyrinth layer, and they die from
respiratory distress soon after birth (4). In addition, Fbxw8 is
unstable, and its expression is reduced to below detectable
levels in Cul7~/~ cells, with this phenotype being normalized
by forced expression of exogenous Cul7. Cul7 is thus thought
to play an important role in stabilization of Fbxw8 as well as in
the normal development of the placenta and embryo. Cul7
mutations were recently identified in several pedigrees of 3-M
syndrome, an autosomal recessive form of hereditary dwarfism
characterized by pre- and postnatal growth retardation without
mental or endocrine disorders, suggesting that Cul7 is also
indispensable for normal human growth (18).

It has remained unclear whether Fbxws8 is the only substrate
recognition subunit of the Cul7-based SCF-like complex. To
reveal the physiological roles of Fbxw8 and its corresponding
E3 complexes, we have generated mice deficient in this pro-
tein. We now show that the phenotype of Fhxw8 /™ mice is
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similar to that of Cul7~/~ mice, especially with regard to
growth retardation and placental abnormality. However, other
characteristics of Cul7~/~ mice are not apparent in Fhxw8 '~
mice, suggesting that the Cul7-based SCF-like complex has
both Fbxw8-dependent and Fbxw8-independent functions.
Moreover, we found that Cul7 forms a complex with Cull in an
Fbxw8-dependent manner. Our data thus suggest that the
newly identified Cull-Fbxw§8-Cul7 complex plays an important
role in the normal development of the placenta.

MATERIALS AND METHODS

Generation of Fbxw8™'~ mice. Cloned DNA corresponding to the Fhxw8 locus
was amplified from the genome of embryonic day 14 (E14) mouse embryonic
stem (ES) cells with the use of LA-Tag polymerase (TaKaRa). The targeting
vector was constructed by replacement of a 2.4-kb fragment of genomic DNA
containing exon 2 of Fbxw8 with IRES-lacZ and PGK-neo-poly(A)-loxP cassettes
(5). The vector thus contained 6.5- and 1.2-kb regions of homology located 5" and
3’, respectively, relative to IRES-lacZ and the neomycin resistance gene (neo).
The diphtheria toxin A (DT-A) cassette was ligated at the 3" end of the targeting
construct. Maintenance, transfection, and selection of ES cells were performed
as described previously (26). The recombination event was confirmed by South-
ern blot analysis with a 0.5-kb fragment of genomic DNA that flanks the 3’
homology region (Fig. 1A). The expected sizes of hybridizing fragments after
digestion of genomic DNA with EcoRI and EcoRV are 16 and 8 kb for the
wild-type and mutant Fbxw$8 alleles, respectively. Mutant ES cells were micro-
injected into C57BL/6 blastocysts, and resulting male chimeras were mated with
female C57BL/6 mice. The germ line transmission of the mutant allele was
confirmed by Southern blot analysis. Heterozygous offspring were intercrossed to
produce homozygous mutant animals and their littermate controls. For genotyp-
ing of embryos, DNA was extracted from the yolk sac or tail at E11.5 to E19.5
and analyzed by PCR with the primers RT259 (5'-TCCCAGTGTGTGTGCAT
GTGTGAG-3"), RT260 (5'-GATGATGGAAACCAAGCCAATGC-3"), and
PJL (5’-TGCTAAAGCGCATGCTCCAGACTGT-3'). All mouse experiments
were approved by the animal ethics committee of Kyushu University.

Antibodies. Polyclonal anti-Fbxw8, anti-Cul7, and anti-Rbx1 antibodies were
generated in rabbits with a recombinant COOH-terminal fragment of mouse
Fbxw8, a recombinant NH,-terminal fragment of mouse Cul7, and recombinant
human full-length Rbx1 produced in Escherichia coli. Polyclonal anti-Cull anti-
bodies were obtained from Zymed, monoclonal anti-Skp1 and anti-HSP70 anti-
bodies were from BD Transduction Laboratories, and monoclonal anti-FLAG
(M2) antibody was from Sigma.

Histological analysis. Tissue was fixed with 4% paraformaldehyde in phos-
phate-buffered saline, embedded in paraffin, and sectioned at a thickness of 3
pm. Hematoxylin-eosin staining was performed as described previously (27).
Sixteen different fields (magnification, X200) were randomly selected for mea-
surement of the mean areas of maternal and fetal vessels in the placenta with the
use of SCION Image software. For immunofluorescence, samples were fixed with
4% paraformaldehyde in phosphate-buffered saline, embedded in OCT com-
pound (Tissue Tek), and sectioned with a cryostat at a thickness of 5 pm.
Immunohistofluorescence analysis was performed as described previously (27,
37) with monoclonal anti-PECAM-1 (MEC13.3; PharMingen) and polyclonal
anti-cytokeratin (WSS; Dako). Immune complexes were detected with secondary
antibodies labeled with Alexa 546 or Alexa 488 (each at a 1:2,000 dilution). The
specimens were examined with a fluorescence microscope and photographed.

In situ hybridization. Tissue was fixed with 4% paraformaldehyde in phos-
phate-buffered saline, embedded in paraffin, and sectioned at a thickness of 5
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pm. Riboprobes specific for Fboxw8 or Tpbp mRNAs were synthesized with a
DIG RNA labeling kit (Roche). In situ hybridization was performed with the
Ventana HX system as described previously (37). Sections were counterstained
with Nuclear Fast Red (Ventana).

Preparation of MEFs. Primary mouse embryonic fibroblasts (MEFs) were
obtained from E13.5 embryos and cultured as previously described (26). For
biochemical analysis, the cells were plated in 10-cm dishes at a density of 2 X 10°
cells per dish.

Plasmids, transfection, immunoprecipitation, and immunoblot analysis. Mouse
cDNAs for Fbxw5, Fbxw8, and Fbxw8 deletion mutants were subcloned into the
p3xFLAG-CMYV 7.1 vector (Sigma). HEK293T cells were transfected with the
resulting plasmids by the calcium phosphate method and cultured for 48 h before
analysis. For retrovirus production, full-length mouse Cull, Cul2, and Cul7
c¢DNAs were each subcloned into the pMX-puro II-U6-3xFLAG vector (21). The
resulting plasmids were introduced into Plat-E cells by transfection with the
Fu-Gene reagent (Roche) to generate recombinant retroviruses. MEFs were
infected with the recombinant retroviruses and subjected to selection for 3 days
in medium containing puromycin (10 pg/ml). The surviving cells were then
isolated, lysed in a solution containing 0.5% Triton X-100, and subjected to
immunoprecipitation with anti-FLAG as described previously (15). Embryos,
placenta, and adult mouse tissue samples were lysed in radioimmunoprecipita-
tion assay buffer and subjected to immunoprecipitation and immunoblot analysis
as described previously (27, 37).

RNA interference (RNAi). The pMX-puro II-U6/shRNA vector was con-
structed as described previously (21). The DNA for the short hairpin RNA
(shRNA) encoded a 21-nucleotide hairpin sequence specific to the mRNA tar-
get, with a loop sequence (5'-TTCAAGAGA-3') separating the two complemen-
tary domains, and it contained a tract of five T nucleotides to terminate tran-
scription. The hairpin sequences specific for mouse Cul7 (mCul7-1 and mCul7-2)
and enhanced green fluorescent protein (EGFP; Clontech) mRNAs corre-
sponded to nucleotides 3022 to 3042 (mCul7-1), 4714 to 4734 (mCul7-2), and 126
to 146 (EGFP) of the respective coding regions. Recombinant retroviruses were
produced and used to infect MEFs as described above. After selection in me-
dium containing puromycin (10 pg/ml), cells stably expressing the sShRNA were
pooled for experiments.

RESULTS

To elucidate the physiological functions of Fbxw§, we gen-
erated mice deficient in this protein. The Fbxw8 gene was
disrupted in mouse embryonic stem cells by replacement of
exon 2, which encodes the NH, terminus of Fbxw8, with IRES-
lacZ and PGK-neo-poly(A)-loxP cassettes (Fig. 1A). We veri-
fied the homologous recombination by Southern blot analysis
of the resulting mutant embryos (Fig. 1B). Immunoblot anal-
ysis also revealed that Fbxw8 was not detectable in homozy-
gous mutant embryos or in the corresponding placentas (Fig.
1C). Although the abundance of Fbxw8 in heterozygous mice
was about half of that in wild-type animals, the heterozygotes
appeared normal and were healthy and fertile. The ratio of
heterozygous to wild-type offspring produced from Fhxw8™*/~
intercrosses was also normal, whereas the number of Fhxw8 ™/~
offspring was approximately one-third of that predicted by

FIG. 1. Targeting of Fbxw8 and expression of Fbxw8. (A) Schematic representation of the wild-type Fbxw8 locus, the targeting vector, and the
mutant allele after homologous recombination. A 2.4-kb genomic fragment including exon 2 of FbxwS, which encodes the F-box domain, was
replaced by IRES-lacZ and PGK-neo-poly(A)-loxP cassettes. Exons (Ex.) and the probe used for Southern hybridization are denoted by open and
filled boxes, respectively. Restriction sites: E1, EcoRI; ES, EcoRV. DT-A, diphtheria toxin A cassette. (B) Southern blot analysis with the probe
shown in panel A of genomic DNA from E15.5 embryos after its digestion with EcoRI and EcoRV. The 16- and 8-kb bands corresponding to the
wild-type and mutant alleles, respectively, are indicated. The Fbxw8 genotypes of the embryos are shown above each lane. (C and D) Immunoblot
analysis with anti-Fbxw8 of immunoprecipitates prepared with anti-Fbxw8 from lysates both of E13.5 and E15.5 embryos and placentas (C) and
of tissues from adult mice of the indicated Fbxw§8 genotypes (D). (E and F) In situ hybridization analysis of the placenta of a wild-type embryo
at E12.5 with a riboprobe specific for Fbxw8 mRNA (left panel). A control hybridization with the corresponding sense probe was also performed
(right panel). Fbxw8 is expressed in trophoblast lineage cells of the placenta. Scale bar, 500 wm.
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TABLE 1. Genotype frequencies of embryos and live offspring
produced from Fbhxw8*/~ intercrosses

No. of animals recoverable”
Embryonic day

+/+ +/- —/= Total
11.5 13 20 20 53
12.5 30 62 23 (1) 115 (1)
13.5 38 72 26 (2) 136 (2)
15.5 27 49 13 (5) 89 (5)
17.5 16 33 6 (1) 55(1)
Adult 97 186 29 312

“ Numbers in parentheses indicate resorbed embryos.

Mendel’s law (Table 1), suggesting that the mutation is par-
tially embryonic lethal in the homozygous state.

Immunoblot analysis of wild-type mice with antibodies to
Fbxw8 also revealed that Fbxw8 was more abundant in the
placenta than in the embryo at embryonic day 13.5 (Fig. 1C),
and that it was not detectable in any of the adult tissues ex-
amined (Fig. 1D). (The band yielded by the testis that migrates
at a position slightly above that of Fbxw8 appears to be non-
specific, given that it was observed for both wild-type and
Fbxw8™'~ genotypes.) In situ hybridization with a riboprobe
specific for Fboxw8 mRNA showed that the mRNA was present
in the trophoblast layer but not in the decidual layer of the
E12.5 placenta (Fig. 1E). These data suggested that Fbxw8
might play an important role in placental development.

We examined embryos from Fhxw8"/~ intercrosses at vari-
ous developmental stages to determine the time at which
Fbxw8 '~ embryos become abnormal. All Fhbxw8 '~ embryos
were still recoverable at E11.5, whereas some of them were
already dead or had begun to degenerate by E12.5 (Table 1).
The number of live Fhbxw8 /'~ embryos was reduced to about
one-half of that of wild-type littermates by E15.5. Growth
retardation of homozygous mutant embryos and a reduction in
size of the corresponding placentas were also apparent as early
as E12.5 but became more obvious at later stages of gestation
(Fig. 2A). The intrauterine growth retardation of Fbxw8 ™/~
embryos was reminiscent of that apparent for Cul7 '~ mice
(4). About two-thirds of Fbxw8 '~ embryos eventually died in
utero, with the remaining one-third being born alive. The
Fbxw8™'~ neonates were smaller than their wild-type litter-
mates, however, and remained so throughout postnatal life
(Fig. 2B). No other gross abnormality was apparent in adult
Fbxw8™'~ mice, and these animals did not die prematurely or
show predisposition to cancer.

Given that Cul7~/~ neonates die soon after birth from res-
piratory failure as a result of a failure of the lungs to inflate (4),
we examined the lungs of Fbxw8 ™/~ fetuses at E19.5. The lungs
of the mutant fetuses inflated as well as did those of their
wild-type littermates (data not shown), suggesting that the lung
phenotype of Cul7~/~ mice is independent of Fbxw8. We also
examined the proliferation of MEFs prepared from E13.5 em-
bryos and did not find any substantial difference between the
Fbxw8™'~ and wild-type cells, although the growth of the mu-
tant MEFs tended to be slightly slower than that of the
Fbxw8™*'* cells (data not shown). MEFs derived from Cul7 '~
embryos exhibit a significant growth defect in culture (4).

The placenta of Fbxw8 '~ embryos is grossly abnormal (Fig.
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2A). The mouse placenta comprises four layers: the decidual
layer, trophoblast giant cell layer, spongiotrophoblast layer, and
labyrinth layer (1, 32). Hematoxylin-eosin staining of the placenta
of E12.5 embryos revealed that the border of the spongiotropho-
blast layer and labyrinth layer was unclear in the Fbhxw8 /'~
placenta, whereas the decidual and trophoblast giant cell layers
of the Fbwx8 '~ placenta appeared normal (Fig. 3A and B).
Similar differences between the placentas of wild-type and
mutant embryos were also apparent at later gestational stages
(data not shown). The placenta of some Fbxw8 ™'~ embryos
also manifested irregular dilation of vessels in the labyrinth
layer (Fig. 3B). In situ hybridization analysis of the mRNA for
the spongiotrophoblast-specific marker Tpbp (1, 4) also re-
vealed that the spongiotrophoblast layer of the Fhbxw8™'~ pla-
centa was reduced in thickness compared with that of the
wild-type placenta (Fig. 3C and D). Irregular protrusion of
spongiotrophoblasts into the labyrinth layer was also observed
in the placenta of mutant embryos (Fig. 3D). Expression of the
gene for PL-1, a marker for trophoblast giant cells (1), and of
that for GCM1, a marker for the labyrinth layer (3), did not
appear to be affected by the Fbxw8 mutation (data not shown).
Immunohistofluorescence staining of the placenta of wild-type
and Fbxw8 '~ embryos with antibodies to cytokeratin, a
marker for trophoblast lineage cells in the spongiotrophoblast
and labyrinth layers, and with antibodies to PECAM-1, a
marker for endothelial cells in the labyrinth layer, yielded
results consistent with those of in situ hybridization analysis of
Tpbp mRNA (Fig. 4). These various data thus indicate that
development of the spongiotrophoblast layer is impaired in
Fbxw8~'~ mice.

Vessels in the labyrinth layer are also abnormal in Cul7 '~
mice (4). We measured the areas of maternal and fetal vessels
in the labyrinth layer of the placenta of wild-type and
Fbxw8 '~ embryos. Maternal and fetal vessels were distin-
guished from each other on the basis of the presence of nu-
cleated (fetal) or denucleated (maternal) red blood cells. Sim-
ilar to Cul7~/~ mice, the maternal vessel area of the Fhxw8 ™/~
placenta was significantly smaller than that of the wild-type
placenta (Fig. 3E). The fetal vessel area of the Fhxw8™'~ pla-
centa tended to be larger than that of the wild-type placenta,
but this difference was not statistically significant. These ob-
servations suggest that development of the labyrinth layer is
also defective in Fhbxw8™/~ mice, resulting in an imbalance in
the feto-maternal circulation.

To investigate whether the maternal Fbxw8 mutation af-
fected the placental phenotype of Fbxw8 '~ embryos, we com-
pared crosses of Fhxw8*'~ females and Fhxw8™*'~ males with
those of Fbxw8™'~ females and Fbxw8"'~ males (Fig. 5). (All
other analyses in this study were performed with embryos
produced from Fbxw8™*'~ intercrosses.) Histological analysis of
the placenta in pregnant females revealed that those of
Fbxw8*'* and Fbxw8"~ embryos developed normally,
whereas that of Fhbxw8™'~ embryos was defective, regardless of
the maternal Fhxw8 genotype. The placental phenotype thus
depends solely on the fetal genotype.

Fbxw8 contains an F-box domain in its NH,-terminal region
and five WD40 domains in its central and COOH-terminal
regions (Fig. 6C). Fbxw8 was previously shown to bind to
overexpressed Cul7 to a greater extent than to overexpressed
Cull in transfected cells (4, 11). We examined the interactions
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FIG. 4. Reduced thickness of the spongiotrophoblast layer in the placenta of Fhbxw8'~ embryos. The placenta of wild-type (A to C as well as G and
H) and Fhbxw8™'~ (D to F and J to L) embryos at E12.5 (A to F) or E15.5 (G to L) was subjected to immunohistofluorescence analysis with
anti-cytokeratin (A, D, G, and J) and anti-PECAM-1 (B, E, H, and K). Merged images are shown (C, F, I, and L). Cytokeratin is expressed in trophoblast
lineage cells, and PECAM-1 is expressed in vascular endothelial cells. The spongiotrophoblast layer is stained predominantly by anti-cytokeratin antibody,
whereas the labyrinth layer is stained by both types of antibodies. The two types of staining in the labyrinth layer do not merge, because maternal vessels
in this layer consist of trophoblast lineage cells and lack endothelial cells. The thickness of the spongiotrophoblast layer is markedly reduced in the
placenta of Fhxw8 ™'~ embryos. Dec, decidual layer; Sp, spongiotrophoblast layer; Lab, labyrinth layer. Scale bar, 300 wm.

among these endogenous proteins in lysates prepared from the Rbx1, in wild-type lysates (Fig. 6A). Such analysis also indi-
placenta of Fhxw8*'* or Fbxw8"/~ embryos. Coimmunopre- cated that endogenous Fbxw8 did not bind endogenous Cul7 to
cipitation analysis revealed that endogenous Fbxw§8 interacts a greater extent than it did endogenous Cull. Similarly, over-
with both endogenous Cull and Cul7, as well as with Skp1 and expressed Fbxw8 did not seem to bind to endogenous Cul7

FIG. 3. Abnormal placental development in Fhxw8 ™/~ mice. (A and B) Hematoxylin-eosin staining of the placenta of Fhbxw8"'" and Fbhxw8 /'~
embryos, respectively, at E12.5. Impaired development of the spongiotrophoblast layer (delineated by the dashed lines) and abnormally dilated
vessels in the labyrinth layer (asterisks) are apparent in the mutant. Dec, decidual layer; Sp, spongiotrophoblast layer; Lab, labyrinth layer. Scale
bar, 300 wm. (C and D) In situ hybridization analysis of Tpbp mRNA in the placenta of FhbxwS8"/* and Fhbxw8 '~ embryos, respectively, at E12.5.
The spongiotrophoblast layer of the placenta was thinner in the mutant than in the wild type. Scale bar, 500 pm. (E) Areas of maternal and fetal
vessels in the placenta of Fhxw8 '~ and wild-type embryos at E12.5. Placental sections were subjected to hematoxylin-eosin staining for detection
of maternal vessels (containing denucleated red blood cells, in red) and fetal vessels (containing nucleated red blood cells, in blue), as shown in
the upper panels. The areas of maternal and fetal vessels were measured by image analysis. Sixteen different fields (magnification, X200) for each
genotype [Fbxw8™* (WT) and Fbxw8 '~ (KO)] were randomly selected for analysis, and the means * standard errors of the means of the
percentage area of each vessel type in each field was calculated. n.s., not significant (P > 0.05, Student’s ¢ test). Scale bar, 150 pm.
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FIG. 5. Dependence of placental phenotype on Fbxw8 genotype of the embryo. Fhxw8™/~ and Fbxw8 ™/~ females were crossed with Fhxw8"/~
males, and the placenta of the resulting embryos at E12.5 was subjected to hematoxylin-eosin staining. The genotypes of mother and embryo are

shown. The placenta of Fhbxw8~/~ embryos was smaller and exhibited a thinner spongiotrophoblast layer compared with that of Fbxw.
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8+/+ or

Fbxw8*/~ embryos regardless of maternal genotype. Dec, decidual layer; Sp, spongiotrophoblast layer; Lab, labyrinth layer. Scale bar, 1 mm (A,

C, E, and G) or 300 wm (B, D, F, and H).

more strongly than it did to endogenous Cull (Fig. 6D). In the
Fbxw8 immunoprecipitates prepared from the placenta of
Fbxw8*'~ embryos, however, the abundance of Cull and Skpl
was reduced in parallel with that of FbxwS8, whereas the
amounts of Cul7 and Rbx1 appeared unaffected. These data
suggested that Fbxw8 may associate preferentially with Cul7-
Rbx1 rather than with the Skp1-Cull-Rbx1 complex.

The abundance of Cul7 appeared normal in the placenta
of Fbxw8™/~ embryos (Fig. 6A), whereas Fbxw§8 is too un-

stable to be detected in Cul7~'~ mice (4). This latter finding
is not the result of developmental bias due to gene inacti-
vation, given that acute depletion of Cul7 by RNAI in wild-
type MEFs also resulted in a marked reduction in the
amount of Fbxw8 (Fig. 6B).

We investigated the regions of Fbxw8 that mediate the in-
teractions with Cull and Cul7 by generating a series of deletion
mutants of Fbxw8 tagged at their NH, termini with the 3X
FLAG epitope (Fig. 6C). Lysates of HEK293T cells expressing
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FIG. 6. Interactions between Fbxw8 and cullins. (A) Lysates of the placenta of E13.5 embryos of the indicated Fbxw§ genotypes were subjected
to immunoprecipitation (IP) with anti-Fbxw8, and the resulting precipitates as well as the original lysates were subjected to immunoblot (IB)
analysis with antibodies to the indicated proteins. Asterisk indicates nonspecific bands. (B) Wild-type MEFs were infected with recombinant
retroviruses encoding shRNAs specific for EGFP (control, lane 1) or Cul7 (lanes 2 and 3) mRNAs. Cell lysates were subsequently subjected to
immunoblot analysis with antibodies to Cul7, Fbxw8, or HSP70 (control). (C) Schematic representation of Fbxw8 and 3X FLAG-tagged deletion
mutants of Fbxw8. (D) Lysates of HEK293T cells expressing 3X FLAG-tagged Fbxw5, Fbxw8, or the deletion mutants of Fbxw8 shown in panel
C were subjected to immunoprecipitation with anti-FLAG, and the resulting precipitates as well as the original cell lysates were subjected to

immunoblot analysis with the indicated antibodies.

F-box domain (AF) retained the ability to interact with Cul7,
but it failed to associate with Cull. Conversely, deletion mu-
tants that lack portions of the region of Fbxw8 containing the
WD40 domains (AWD1, AWD2, or AWD3) or NH,-terminal
region (AN) failed to bind to Cul7 but retained the ability to

these various mutant proteins were then subjected to coimmu-
noprecipitation analysis with anti-FLAG (Fig. 6D). Full-length
Fbxw8 interacted with both endogenous Cull and Cul7,

whereas Fbxw5, another Fbxw-type F-box protein, associated
with Cull but not with Cul7. A mutant of Fbxw§8 that lacks the
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FIG. 7. Formation of a Cull-Cul7 complex linked by FbxwsS.
Fbxw8*'* or Fbxw8’/~ MEFs were infected with recombinant retro-
viruses encoding 3X FLAG (3F)-tagged Cull (A) or Cul7 (B), and
lysates of the infected cells were subjected to immunoprecipitation
with anti-FLAG. The resulting precipitates as well as the original cell
lysates were then subjected to immunoblot analysis with the indicated
antibodies. Cells expressing 3X FLAG-Cul2 were also studied as a
negative control. IB, immunoblot; IP, immunoprecipitation.

interact with Cull. A deletion mutant that lacks the linker
region (the region between the F-box domain and the first
WD40 domain) did not interact with either Cull or Cul7. We
also examined the binding of Skpl to the Fbxw8 mutants and
found that Skp1 bound to the same mutants as did Cull. These
results suggest that Fbxw8 binds to Cull via Skp1, as do other
F-box proteins, whereas Fbxw8 interacts with Cul7 mainly
through its central and COOH-terminal regions, not through
its F-box domain, in an Skpl-independent manner.

Given that Fbxw8 interacts with both Cull and Cul7, we
hypothesized that a single Fbxw8 molecule might bind to both
Cull and Cul7 simultaneously. To test this hypothesis, we
expressed 3X FLAG-tagged Cull in Fbxw8'* or Fbxw8 '~
MEFs and then subjected cell lysates to coimmunoprecipita-
tion analysis with anti-FLAG (Fig. 7A). We also expressed 3X
FLAG-tagged Cul2 as a control. Exogenous Cull formed a
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complex with endogenous Cul7 as well as with Fbxw8, Skpl,
and Rbx1 in Fhxw8"/* MEFs, whereas the interaction between
Cull and Cul7 was not detected in Fbxw8~’~ MEFs. Exoge-
nous Cul2 associated with neither Cul7 nor Skpl. To substan-
tiate these results, we performed reciprocal coimmunoprecipi-
tation experiments with MEFs expressing 3X FLAG-tagged
Cul7 or Cul2 (Fig. 7B). Exogenous Cul7 interacted with Cull
as well as with Fbxw8, Skp1, and Rbx1 in Fbxw8"'* MEFs. In
contrast, the association of Skpl and Cull with Cul7 was not
detected in Fhbxw8™/~ MEFs. These results indicate that Cul7
forms a complex with Cull only in cells that express Fbxw8. In
addition, both Cull and Cul7 bound to Rbx1 even in Fhxw8 '~
cells in which the Cull-Cul7 interaction was lost (Fig. 7), sug-
gesting that both Cull and Cul7 interact with Rbx1 indepen-
dently. Together with the results obtained with the deletion
mutants of Fbxw8 (Fig. 6D), these data suggest that an Rbx1-
Cull-Skp1-Fbxw8-Cul7-Rbx1 complex forms in cells (Fig. 8).
Furthermore, this complex likely plays an essential role in
normal placental development.

DISCUSSION

Whereas the Cull-based SCF complex has been extensively
characterized, the structure and functions of the Cul7-based
SCF-like complex have remained largely unknown. Compared
with that of other cullins, the structure of Cul7 seems atypical.
Whereas other cullins contain a binding domain for adapter
proteins (such as Skp1 or Elongin C) juxtaposed NH, terminal
to the cullin homology domain, Cul7 possesses a large region
of unknown function NH, terminal to the cullin homology
domain, except for a DOC domain at its central region. Im-
munoprecipitation and mass spectrometric analyses have re-
vealed that the F-box protein Fbxw8 is present in the Cul7-
based SCF-like complex (4, 11), although it has remained
unknown whether Fbxw8 is the only substrate recognition sub-
unit of this complex. Our genetic analysis now indicates that
Cul7 has Fbxw8-independent functions, suggesting the exis-
tence of other such substrate recognition subunits (see below).
Unexpectedly, we found that the F-box domain of Fbxw8 is not
necessary for the interaction with Cul7, whereas it is required
for the binding of Fbxw8 to Cull. This finding is consistent with
the previous observation that Skpl is not necessary for the
interaction between Cul7 and Fbxw8 (4, 11). These data thus
indicate that Fbxw8 interacts with Cul7 in a manner indepen-
dent of both the F-box domain and Skpl. Our binding data
suggest that Cul7 associates directly or indirectly with the cen-
tral and COOH-terminal regions of Fbxw8. The difference in
the binding sites of Fbxw8 for Cull and Cul7 suggested the
possibility that a Cull-Fbxw8-Cul7 complex might form in
cells. We have now demonstrated that such a complex indeed
exists in wild-type cells, whereas Cull and Cul7 do not interact
in Fbxw8™'~ cells. We thus propose that Fbxw8 functions, at
least in part, as a linker to tether Cull and Cul7 (Fig. 8).

Fbxw8 is unstable and undetectable in Cul7 '~ mice (4). We
have now shown that Fbxw8 is also undetectable in MEFs
depleted of Cul7 by RNAI, suggesting that Cul7 plays a chap-
erone-like role in stabilizing Fbxw8 through formation of a
stable Cull-Fbxw8-Cul7 complex. In contrast, Cul7 expression
was unaffected by the loss of Fbxw8 in the present study. The
phenotype of Cul7 '~ mice thus likely reflects the loss of
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FIG. 8. Model for formation of a Cull-Fbxw8-Cul7 complex. In wild-type mice, Cul7 associates with Cull via Fbxw8. In Fbxw8™'~ (Fbxw8 KO)
mice, loss of Fbxw8 results in placental abnormalities (Fbxw8-related phenotype). In Cul7 '~ mice, loss of Cul7 results in destabilization of Fbxw8
and consequent secondary loss of Fbxw8. Cul7 '~ mice thus exhibit both the Fbxw8-related phenotype and a phenotype attributable to loss of Cul7
function not mediated by Fbxw8 (Cul7-related phenotype). F, F-box domain; W, WD40 repeat.

Fbxw8 function as well as the loss of Cul7 function that is
independent of Fbxw8 (Fig. 8).

The Cull-Fbxw8-Cul7 complex is likely to contain at least
two molecules of Rbx1, which is thought to associate directly
with the E2 Cdc34. To date, several types of E3 or E3 complex
are known to contain two RING finger domains for E2 bind-
ing. For example, Parkin contains two RING finger domains
(19, 29, 34), both of which are indispensable for its E3 activity
(19). BRCA1 and BARDI, both of which contain a single
RING finger domain, dimerize to exert E3 activity (14). These
observations suggest that two RING finger domains might also
be required for maximal activation of E3 activity in the Cull-
Fbxw8-Cul7 complex. In 3-M syndrome patients who harbor
mutations in Cul7, some mutations are located in the exon that
encodes the cullin homology domain and result in impaired
binding to Rbx1 (18). In addition, F-box proteins such as mam-
malian B-TrCP1 and B-TrCP2 and Schizosaccharomyces pombe
Poplp and Pop2p form homo- or heterodimers to achieve
efficient ubiquitylation of their substrate proteins or to gener-
ate combinatorial diversity (25, 33, 35), suggesting the possi-
bility that Cull incorporated in the SCF complex might form a
dimer through dimerization of F-box proteins. Cul7 also forms
a dimer with the related protein Parc (34). These data suggest
that cullin-based E3s generally exist as homo- or heterodimeric
complexes.

The expression of Fbxws8 is largely restricted to the placenta,
whereas Cul7 is expressed not only in the embryo and the
placenta but also in various tissues of adult mice and humans
(18, 36). A comparison of the phenotypes of Fhxw8 '~ mice

(this study) and Cul7 '~ mice (4) is summarized in Table 2.
Consistent with the tissue distributions of these proteins, the
abnormalities in Fhxw8 '~ mice appear to be restricted to the
placenta, whereas those in Cul7~/~ mice also involve other
tissues. Both types of mice manifest abnormal development of
the spongiotrophoblast and labyrinth layers of the placenta.
During placental development, trophectodermal cells distant
from the inner cell mass of the blastocyst stop dividing but
undergo endoduplication of their DNA, resulting in the for-
mation of polyploid trophoblast giant cells. Trophectodermal
cells overlying the inner cell mass continue to proliferate to
form extraembryonic ectoderm and the ectoplacental cone of
the early postimplantation conceptus. After chorioallantoic fu-
sion in the mouse at E8.5, chorionic ectodermal cells derived

TABLE 2. Comparison of phenotypes between Fbhxw8 ™/~
and Cul7~'~ mice

Mouse type
Phenotype
Fbxw8™/~ Cul77'~
Survival Embryonic death (partial) Neonatal death
Reduced size Reduced size
Placenta Abnormal development of Abnormal development of
spongiotrophoblast spongiotrophoblast
Smaller maternal vessel Smaller maternal vessel
area in labyrinth area in labyrinth
Other organs None Lungs unable to inflate

Hypodermal hemorrhage
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from extraembryonic ectoderm differentiate into syncytiotro-
phoblasts to form the labyrinth in concert with fetal blood
vessels, and ectoplacental cone cells develop into spongiotro-
phoblasts (1, 8-10, 32). The labyrinth is essential for gas ex-
change and nutrition transfer between the maternal and fetal
circulation (9, 10, 32). Our data now suggest that the Cull-
Fbxw8-Cul7 complex plays an essential role in the mid- to late
stage of placental development, and that the embryonic death
of Fbxw8 '~ mice results from inappropriate development of
the placenta. The less severe placental phenotype of Cul7~/~
mice, compared with that of Fhxw8 /~ mice, might be attrib-
utable to residual expression of Fbxw8 in Cul7~/~ mice. In
contrast, the maternal decidua and trophoblast giant cells ap-
peared unaffected in Fbxw8 /~ mice, whereas Cul7 '~ mice
exhibit a reduced number of trophoblast giant cells and an
underdeveloped decidual layer (4), suggesting that Cul7
contributes to the growth of trophoblast giant cells and
differentiation of the maternal decidua in an Fbxw8-inde-
pendent manner.

All Cul7~/~ mice die soon after birth from respiratory dis-
tress (4). In addition, ~20% of Cul7 '~ mice exhibit hypoder-
mal hemorrhage at late gestational ages (4). These phenotypes
were not observed in Fhbxw8™’~ mice, again suggesting that
Cul7 has Fbxw8-dependent and -independent functions. The
latter functions might be mediated by substrate recognition
subunits other than Fbxw§ that associate with Cul7 to form an
E3 ligase or by ubiquitylation-independent activity of Cul7.
Cul7 was originally identified as a binding partner for the large
T antigen of simian virus 40, and it contains a BH3 domain in
its COOH-terminal region, implicating Cul7 in cellular trans-
formation and apoptosis (2, 24, 36). The phenotypic differ-
ences between Fbxw8 '~ mice and Cul7~/~ mice are thus
likely attributable to the different expression patterns of the
corresponding proteins and to Cul7-specific functions not re-
lated to Fbxw8-mediated ubiquitylation.
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