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Cul1, a member of the cullin ubiquitin ligase family, forms a
multiprotein complex known as SCF and plays an essential role in
numerous cellular and biological activities. A Cul1 homologue,
p185 (Cul7), has been isolated as an simian virus 40 large T
antigen-binding protein. To understand the physiological role of
p185, we generated mice lacking p185. p185�/� embryos are
runted and die immediately after birth because of respiratory
distress. Dermal and hypodermal hemorrhage is detected in mu-
tant embryos at late gestational stage. p185�/� placentas show
defects in the differentiation of the trophoblast lineage with an
abnormal vascular structure. We demonstrate that p185 forms an
SCF-like complex with Skp1, Rbx1, Fbw6 (Fbx29), and FAP68
(FAP48, glomulin). FAP68 has recently been identified as a gene
responsible for familial glomuvenous malformation. These results
suggest that p185 forms a multiprotein complex and plays an
important role in vascular morphogenesis.

The rapid destruction of regulatory proteins by ubiquitin-
mediated proteolysis plays an important role in various

biological processes. Protein ubiquitination is carried out by the
sequential action of three enzymes, namely E1, E2, and E3 (1).
E3 ubiquitin ligases determine the specificity of the substrate
protein, and it is likely that protein ubiquitination in vivo is
controlled primarily by regulating E3 activity or E3–substrate
interaction (2). The Skp1–Cul1–F-box (SCF) complex is a well
characterized E3 ubiquitin ligase that plays an essential role in
a wide variety of activities, including cell cycle control (3, 4),
muscle atrophy (5, 6), and protein quality control (7). To date,
the human cullin protein family consists of six members: CUL1,
CUL2, CUL3, CUL4A, CUL4B, and CUL5 (8). Although the
physiological function of each cullin protein is largely unknown,
mouse knockout evidence has demonstrated their biological
significance. Cul1-, Cul3-, and Cul4A-deficient mice show early
embryonic lethality (9–12), indicating their crucial role in early
mammalian development.

F box proteins are the variable subunits of the SCF complex,
and a large number of human F box proteins have been reported
(13, 14). F box proteins contain an F box motif that binds to Skp1
and a carboxyl-terminal domain that specifies association with
substrate proteins (15, 16). SCF targets a number of different
substrate proteins by associating with specific F box proteins (16,
17). Among the human cullin proteins, SKP1 protein has been
reported to bind specifically to CUL1 (18). Degradation of some
F box proteins, such as Cdc4, Grr1, and Met-30 in yeast (19–21)
and SKP2 (22) in humans, are mediated by the SCF complex
itself.

Simian virus 40 large T antigen transforms a variety of rodent
cells in vitro and in vivo. p185 (KIAA0076, p193, Cul7) was
isolated as an simian virus 40 large T antigen-associated protein
in murine cells (23, 24). Although it has been reported that
overexpression of p185 induces apoptosis in NIH 3T3 cells (24),
the biological and molecular functions of p185 remain unclear.
Here we demonstrate that p185 has extensive sequence similarity
to Cul1 and forms a specific SCF-like complex with Skp1, Fbw6
(Fbx29), Rbx1, and FAP68 (FAP48, glomulin). Surprisingly,
p185 associates with Skp1 in an Fbw6-dependent manner and the
stability of Fbw6 protein is decreased in the absence of p185. In

addition, p185-deficient mice are neonatal lethal and show
vascular defects in both the embryo and the placenta. Consistent
with these findings, a recent article has reported that loss-of-
function mutations of FAP68 are responsible for familial glo-
muvenous malformation, a hereditary syndrome characterized
by abnormalities in vascular morphogenesis (25).

Materials and Methods
Generation of p185�/� Mice. A 9.7-kbp fragment of mouse genomic
DNA, spanning from the promoter region to exon 10, was
directly amplified by PCR from TC-1 embryonic stem cell
genomic DNA. The exon sequences were verified by mouse
genome sequence from the National Center for Biotechnology
Information database. A 3.7-kb EcoRI–XhoI fragment and a
6-kb XhoI–NotI fragment were inserted into the targeting vector
(26). A 3� loxP site was inserted into intron 4 by PCR. A total of
384 colonies surviving G418 selection were screened. Three
positive clones were isolated and confirmed by two different
Southern blot analyses. To generate chimeras, two correctly
targeted embryonic stem clones were injected into C57BL�6
blastocysts and subsequently transferred into pseudopregnant
foster mothers. The chimeric mice were backcrossed with
C57BL�6 mice. Heterozygous mice carrying the 2loxP allele
were bred with EIIA-Cre�CD1 mice (27) and backcrossed with
C57BL�6 mice to remove the Cre transgene. Primer sequences
and PCR conditions for constructs and p185 genotyping will be
provided on request.

Cellular Analysis. Mouse embryonic fibroblasts (MEFs) were
established from embryos isolated at embryonic day 12.5 (E12.5)
and cultured in DMEM containing 10% FBS. For the growth
study, equal numbers of cells (1 � 105) from passage 2 MEFs
were plated on 60-mm dishes. MEFs were counted at indicated
time points in triplicate by using a hemocytometer.

Histological Analysis. Embryos and placentas from timed mating
of p185�/� mice were fixed in Bouin’s fixative (Sigma) and
embedded in paraffin. Sections were stained with hematoxylin�
eosin. For mRNA in situ hybridization, frozen sections were fixed
with 4% paraformaldehyde for 12 h and hybridized with digoxi-
genin (Roche Molecular Biochemicals)-labeled Tpbp RNA ri-
boprobe and detected by anti-digoxigenin (diluted 1:500 in PBS,
Roche Molecular Biochemicals) followed by streptavidin biotin-
peroxidase (Santa Cruz Biotechnology). For morphometric
analysis of the labyrinth, the outline of each individual vessel was
identified and traced on National Institutes of Health IMAGE
software. The percentage area of total maternal and fetal vessels
was calculated.

Isolation of p185-Associated Protein and Binding Assay. U-2 OS cells
stably expressing hemagglutinin (HA)-p185 (A2P2 cells) were
generated by transfecting HA-p185-pcDNA3 construct, fol-

Abbreviations: SCF, Skp1–Cul1–F-box; MEFs, mouse embryonic fibroblasts; E4.5, E7.5, E10.5,
E12.5, E16.5, and E18.5, embryonic day 4.5, 7.5, 10.5, 12.5, 16.5, and 18.5, respectively.
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lowed by G418 selection. Cells were labeled in methionine-free
DMEM supplemented with 333 �Ci (1 Ci � 37 GBq) of
[35S]methionine per ml for 2 h after 1-h starvation. Peptides were
isolated from a silver-stained gel, digested with trypsin, and
analyzed by microcapillary reverse-phase HPLC�nanoelectros-
pray tandem mass spectrometry. The p58 bands contained two
peptide sequences, TWNYLEFEEEENK and ILVYSLEAGR,
which match the sequence from human FAP68 and FBW6,
respectively. To generate specific monoclonal antibody to p185
and polyclonal antibody to Fbw6, the amino-terminal 127- and
130-aa fragments, respectively, were cloned into the
pGEX4T-3 vector (Amersham Pharmacia) and injected into
RBF�DnJ mice, and hybridoma fusion was performed (28).
FAP68 (29), SKP1 (Neomarkers, Fremont, CA), RBX1 (Neo-
markers), and T7 (Novagen) antibodies were used for Western
blotting and immunoprecipitation.

Clones. Human p185 and FBW6 constructs were PCR-amplified
with full-length human p185�KIAA0076 and human FBW6 as a
template. Mouse Fbw6 was PCR-amplified from EST clone
3158218 (American Type Culture Collection) and cloned with
HA tag into pcDNA3 and pBabe�puro retroviral vector. The
sequence of fragments generated by PCR was verified by
sequencing.

Northern and Western Blot Analysis for MEFs. For Northern blot
analysis, total RNA was extracted from MEFs with RNeasy Mini
Kit (Qiagen, Valencia, CA). Each sample (14 �g) was electro-
phoresed in a 1% agarose�formaldehyde gel, blotted to Du-
ralon-UV membrane (Stratagene), and probed with a 0.9-kb
fragment of mouse p185 cDNA and a 0.6-kb fragment of mouse
Fbw6 cDNA.

p185�/� and p185�/� MEFs stably expressing HA-tagged
mouse Fbw6 were generated by retroviral infection with HA-
Fbw6-pBabe�puro construct. Protein stability of HA-Fbw6 sig-
nals was quantified and the half-life was calculated by using
IMAGE GAUGE software (Fuji).

Results
Generation of p185�/� Mice. Database searches revealed that the
carboxyl-terminal and middle regions of p185 show significant
homology to Cul1 and a subunit of the anaphase-promoting
complex�cyclosome, anaphase-promoting complex 10
(APC10)�DOC1 (30, 31) (Fig. 1A). To understand the biological
role of p185, mice lacking p185 were generated by embryonic
stem cell technology. The gene-targeting vector was designed to
delete exons 2–4 including the translation start codon after
Cre-mediated recombination (Fig. 1B). Residues encoded by
exons 2 and 3 are highly conserved between human and mouse
p185 (91.4% identity), suggesting a functional significance to the
amino terminus. Heterozygous p185�/2loxP mice were crossed
with an EIIa-Cre transgenic strain (27) to delete exons 2–4 and
the Neo cassette.

Neonatal Lethality and Growth Retardation of p185�/� Embryo.
Heterozygous p185�/� mice were fertile and indistinguishable in
appearance from wild-type littermates up to 6 months of age.
When p185�/� mice were intercrossed, however, no p185�/�

offspring were found on weaning. Analysis of p185�/� embryos
at different gestational stages revealed neonatal lethality of
mutant mice, although a small fraction of mutant embryos were
probably lost during E10.5–E12.5 (Fig. 2A). At E12.5, p185�/�

embryos were similar in size and weight to wild-type littermates,
whereas p185�/� placentas were significantly reduced in size
(Fig. 2 A and B). The growth retardation of p185�/� embryos
became increasingly apparent relative to wild-type littermates in
later gestational stages (Fig. 2 A and B).

To understand the cause of death and the retarded growth of

p185�/� embryos, cellular and histological analysis was per-
formed. MEFs were generated from E12.5 embryos, and
p185�/� MEFs had a significantly slower growth rate than
wild-type and heterozygous littermate MEFs (Fig. 2C), suggest-
ing that a cell-autonomous defect may contribute to the runted
phenotype in addition to the placental defect. At E18.5, all
mutant embryos recovered from the uteri of p185�/� inter-
crosses were alive. However, mutant embryos quickly turned
cyanotic and lost their response to pain stimuli within 15 min,
whereas wild-type and heterozygous littermates maintained
strong and regular breathing. Histological examination of mu-
tant E18.5 embryos and neonates revealed that p185�/� lungs
failed to inflate, with the alveolar space markedly reduced (Fig.
2D). No abnormality was detected in other sites of the respira-
tory tract in the p185�/� embryos and neonates (data not shown).

Vascular Abnormality in p185�/� Embryo and Placenta. Another
histological abnormality found in mutant embryos was dermal
and hypodermal hemorrhage in the lower lip (Fig. 3A). Histo-
logical analysis revealed that 4 of 21 (19.0%) p185�/� embryos
at E16.5 and E18.5 had blood accumulation that was not

Fig. 1. Targeted disruption of p185 gene. (A) Domain structure of human
p185 predicted by National Center for Biotechnology Information Conserved
Domain Search. The residue for the beginning and end of each domain is
shown at the top. (B) Genomic organization of the amino-terminal region of
mouse p185, targeting vector and mutant allele after homologous and Cre
recombination. Exon 2 contains the translation start site. The filled triangle
and open rectangle indicate loxP and Frt sites, respectively. D, DraI; B, BspHI;
DT, diphtheria toxin; NEO, neomycin acetyltransferase. (C) Southern blot
analysis of p185�/�, p185�/2loxP, and p185�/� mice and p185�/�embryo. DraI-
and BspHI-digested genomic DNA was hybridized with 5� and 3� probes,
respectively.
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surrounded by von Willebrand factor-positive endothelium (data
not shown). In two cases, hemorrhage was located in the dermis
(Fig. 3A, arrowhead) and hypodermis, suggesting that the prob-
able primary site of hemorrhage was located in the dermis with
blood later spreading into the hypodermis. In contrast, no
hemorrhage was detected in any of the 18 wild-type littermates.
Other vital organs in p185�/� embryos including the musculo-
skeletal, hematopoietic, and central and peripheral nervous
systems displayed no obvious abnormality, although the size of
organs was reduced proportionally.

The placentas for p185�/� embryos were consistently smaller
than wild-type littermates from E12.5 to E18.5 (Fig. 2 A and B).
In situ hybridization analysis of an E18.5 mutant placenta with
a spongiotrophoblast-specific marker, Tpbp (32), revealed that
the decidua and spongiotrophoblast layers were reduced in size
(Fig. 3B). Wild-type placentas had numerous dilated vessels in
the decidua, but the mutant decidua had fewer vessels, suggest-
ing that maternal vascular development was severely affected
(Fig. 3B). Hematoxylin�eosin-stained sections of an E18.5 mu-
tant placenta showed very few secondary giant cells and no
dilated maternal vessels in an abnormally thin spongiotropho-
blast layer (Fig. 3C). Morphometric analysis of the placental
blood vessels at E12.5 demonstrated that the labyrinthine layer
of mutant placentas had a significantly decreased maternal and
increased fetal blood vessel area (Fig. 3 D and E).

Isolation of p185-Associated Proteins. To understand the molecular
function of p185, we sought to identify associated proteins.
Cotransfection of T7-tagged p185 and HA-tagged RBX1,
ROC2, or anaphase-promoting complex 11 followed by immu-
noprecipitation demonstrated specific binding between p185 and
RBX1 (data not shown). To identify p185-binding proteins, U-2

OS cells stably expressing HA epitope-tagged human p185
(A2P2) were metabolically labeled with [35S]methionine and
immunoprecipitated with anti-HA antibody (12CA5). During
labeling, A2P2 cells were treated with increasing amounts of
MG132 to inhibit proteasomal degradation of proteins. The 90-
and 58-kDa protein bands were specifically detected from A2P2
cell lysates, but not from U-2 OS cell lysates (Fig. 4A). FBW6
(FBX29) and FAP68 peptide sequences were recovered from
mass spectrometric analysis of the p58 bands. FBW6 is one of
seven human F box proteins containing WD40 repeats (13, 33),
whereas FAP68 has no recognizable functional domains.

To confirm the association, full-length T7-p185 and T7-CUL1
constructs were transfected into HeLa cells and immunopre-
cipitated with anti-T7 antibody. The transferred membrane was
immunoblotted with antibodies to SKP1, RBX1, FBW6, and
FAP68 as well as T7. p185 associated with all four proteins;
however, p185 coprecipitated the endogenous SKP1 very weakly
compared with CUL1 (Fig. 4B). CUL1 bound strongly to SKP1
and RBX1, as expected, and weakly to FBW6 (Fig. 4B).

To understand the weak affinity of p185 to SKP1, we examined
if the association between p185 and SKP1 depended on FBW6
protein expression. T7-p185 and T7-CUL1 were transfected with
HA-FBW6 and analyzed by immunoprecipitation and Western
blotting (Fig. 4C). The association between p185 and SKP1 was
significantly enhanced by the coexpression of FBW6, indicating
that p185 binds to SKP1 in an FBW6-dependent manner. Similar
results demonstrating the dependence on SKP1 binding to
FBW6 were reported recently (34). Overexpression of FBW6
had no effect on the amount of SKP1 that was coprecipitated
with CUL1.

Specific Binding of Fbw6 to p185. We observed that Fbw6 protein
expression was significantly decreased in p185-null MEFs,

Fig. 2. Neonatal death and growth retardation of p185�/� embryo. (A) Genotype and phenotype of p185�/� intercrosses. Dead embryos are defined as necrotic
or partially absorbed fetuses (indicated by *). % �/�, proportion of viable p185�/�embryos or pups at each stage; % weight, average of percentage weight of
each p185�/� embryo against the average weight of p185�/� and p185�/� littermates. The weights of p185�/� and p185�/� embryos were indistinguishable (data
not shown). (B) Gross appearance of p185�/� and p185�/� embryos and placentas at indicated embryonic day. (Scale bar, 10 mm.) (C) Growth kinetics of MEFs.
Passage-2 MEFs (1 � 105) were plated in 60-mm dishes and counted every 24 h. F, p185�/�; �, p185�/�; Œ, p185�/�. (D) The lung of E18.5 mutant embryo was
unable to inflate, compared with a wild-type littermate. (�20.)
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whereas mRNA expression levels appeared unchanged relative
to wild-type and heterozygous MEFs (Fig. 4 D and E). The
expression of Skp1 and Rbx1 in p185-null MEFs was similar to
that in wild-type cells (Fig. 4D). The stability of Fbw6 protein was
determined by cycloheximide pulse chase. The half-lives of
retrovirally introduced HA-Fbw6 in p185�/� and p185�/� MEFs
were 51 and 111 min, respectively, suggesting that instability of
Fbw6 contributes to its low protein expression in p185-null MEFs
(Fig. 4F). Addition of proteasome inhibitors to the cells before
lysis did not increase the half-life of Fbw6 in either the wild-type
or null MEFs (data not shown). To test whether Fbw6 could
respond to increased expression of p185, a retroviral vector
expressing mouse p185 was introduced into wild-type and p185-
null MEFs. As shown in Fig. 4G, levels of Fbw6 increased when
p185 expression was restored to the p185�/� MEFs. In addition,
increased expression of Fbw6 was observed when levels of p185
were increased in wild-type MEFs.

Overall Structure of p185-Based Complex. Structural analysis of SCF
complex revealed that Cul1 binds to Skp1-F boxSkp2 through the
amino-terminal portion of its first cullin repeat and to Rbx1
through the carboxyl-terminal globular a�b domain (35). We
investigated whether the p185-based complex had an overall
structural similarity to the SCF complex by determining the
binding regions of p185 to SKP1, FBW6, FAP68, and RBX1.

Several p185 truncation mutants were constructed and trans-
fected into HeLa cells to examine whether they retained binding
to the SCF components. Cotransfection experiments demon-
strated that three p185 mutants (268–1698, 796–1698, and
1–795) were significantly reduced in FBW6- and SKP1-binding
activity, suggesting that the N terminus was required for binding
(Fig. 5A). As shown in Fig. 5B, two mutants (1–795 and 1–1343)
failed to bind FAP68 and RBX1. A mutant (1–1532) containing
the principle RBX1-binding region as predicted by homology
weakly associates with both FAP68 and RBX1. Similar to CUL1,
a carboxyl-terminal region of p185 was required for binding to
RBX1.

Discussion
Phenotype of p185�/� Mice. Early embryonic death has been
observed after disruption of several cullins in mice, including
Cul1, Cul3, and Cul4A (9–12). Lethality uniformly occurred at
E4.5–E7.5, before the organogenesis stage. In contrast, p185�/�

mice show neonatal lethality, indicating that p185 plays a role in
mammalian development that is apparently distinct from that of
Cul1, Cul3, and Cul4A. The growth of the p185�/� embryo is
particularly impaired at late gestational stage. Because the
reduced placental size precedes the retarded growth of p185�/�

embryo (Fig. 2 A and B) and an imbalance of fetal to maternal
blood flow is detected in the p185�/� placental labyrinthine layer

Fig. 3. Histological abnormality of p185�/� embryos and placentas. (A) Sagittal section of a mutant embryo showed dermal (arrowhead) and hypodermal
hemorrhage in lower lip region. (�20.) (B) In situ hybridization with spongiotrophoblast-specific marker, Tpbp. The spongiotrophoblast (Sp) and decidual layers
(Dec) were reduced in E18.5 mutant placenta compared with the wild-type littermate. Lt, labyrinthine. (Scale bar, 1 mm.) (C) Hematoxylin�eosin-stained E18.5
placenta reveals secondary trophoblast giant cells (arrowhead) were present in wild-type placenta, whereas they were virtually absent in p185�/� placenta.
Dilated maternal vessels (arrow) were detected in spongiotrophoblast layer of wild-type placenta, and only small vessels were detected in p185�/� placenta. (�2.)
(D) E12.5 mutant labyrinthine contains fewer maternal (red) and more fetal (blue) vessels than wild type. Fetal and maternal vessels are distinguished by the size
and nucleation of red blood cells. (�20.) (E) The total area of fetal and maternal vessels in labyrinthine was measured by NIH IMAGE software. Twelve different
fields (�100) for each genotype were randomly selected for analysis, and the average of percentage area in each field was calculated. Significant differences
between p185�/� and p185�/� or p185�/� placenta were found in both fetal and maternal vessel areas. *, P � 0.05; **, P � 0.01.
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(Fig. 3 D and E), placental insufficiency may be the principal
cause of the growth retardation of the p185�/� embryo.

In p185�/� placentas, we found several abnormalities, includ-
ing a thin spongiotrophoblast layer with a reduced number of

secondary trophoblast giant cells and underdeveloped deciduas
(Fig. 3 B and C). It has been assumed that the spongiotropho-
blast is largely derived from the cells of the ectoplacental cone
and secondary trophoblast giant cells from precursor cells in the
spongiotrophoblast layer (36). Angiogenic factors produced by
giant cells are critical for maternal vascular development (37).
Therefore, a differentiation defect of trophoblasts in the ecto-
placental cone may account for the histopathological abnormal-
ities detected in p185�/� extraembryonic tissues. The precise
molecular mechanism underlying the differentiation defect of
the p185�/� trophoblasts remains to be determined.

In addition to the placental defects, p185�/� embryos exhib-
ited dermal and hypodermal hemorrhage in the lower-lip region.
Although no specific vascular lesions were found on hematox-
ylin�eosin-stained sections, it is possible that the endothelial or
supporting cells (pericytes and smooth muscle cells) in the
lower-lip region were malfunctioning. We found no specific
evidence for glomus cells, typical for glomuvenous malforma-
tions, in any of the mutant embryos (data not shown).

p185-Based Complex. In this study, we present biochemical evi-
dence that p185 forms an SCF-like complex with overall struc-

Fig. 4. p185 associates with FBW6, FAP68, SKP1, and RBX1. (A) Identification
of [35S]methionine-labeled proteins that specifically coimmunoprecipitate
with HA-p185. U-2 OS cells stably expressing HA-p185 were treated with the
indicated amount of MG132 and immunoprecipitated with anti-HA antibody
(12CA5). Retained proteins were resolved by SDS�PAGE and visualized by
autoradiography. Subsequently, 90-kDa and 58-kDa bands were cut out from
the silver-stained gel and subjected to mass spectrometric analysis. The 58-kDa
band contained two different proteins, FBW6 and FAP68. No meaningful
peptide sequence was recovered from the 90-kDa band. (B) T7-p185 associates
with endogenous FBW6 and FAP68 in addition to SKP1 and RBX1. Lysates from
HeLa cells transfected with indicated constructs were immunoprecipitated
with anti-T7 antibody and analyzed by immunoblotting with anti-FBW6,
FAP68, SKP1, and RBX1 antibodies. (C) p185 binds to SKP1 in an FBW6-
dependent manner. T7-p185 or T7-Cul1 were transfected into HeLa cells with
HA-Fbw6. Immunoblotting was performed with indicated antibodies for cell
extract and immunoprecipitates. (D) Expression of Fbw6 protein in p185�/�

MEFs. Immunoblotting was performed on whole cell lysates (100 �g per lane)
prepared from p185�/�, p185�/�, and p185�/� MEFs at passage 2. The mem-
branes were probed with anti-p185 and Fbw6 antibodies. (E) mRNA expres-
sion of Fbw6 in p185�/� MEFs. Total mRNA (14 �g per lane) from p185�/�,
p185�/�, and p185�/� MEFs at passage 2 were analyzed by using radiolabeled
p185 and Fbw6 probes. (F) p185�/� and p185�/� MEFs stably expressing
HA-tagged mouse Fbw6 were treated with 50 �g�ml cycloheximide and
harvested every 20 min. The membrane was immunoblotted with anti-HA.
Half-life of Fbw6 in p185�/� and p185�/� MEFs was 51 and 111 min, respec-
tively. (G) Lysates from p185�/� and p185�/� MEFs that were transduced with
a retroviral vector only (�) or containing wild-type mouse p185 were immu-
noblotted with p185 or Fbw6 antibodies.

Fig. 5. Overall structure of p185-based complex. (A) FBW6 binds to amino-
terminal region of p185. HeLa cells were cotransfected with HA-FBW6 and six
different p185 constructs. Lysates of HeLa cells were immunoprecipitated with
anti-T7 and analyzed by anti-HA and SKP1 antibodies. (B) FAP68 binds to the
carboxyl-terminal region of p185. Lysates from HeLa cells transfected with
p185 deletion constructs were immunoprecipitated with anti-T7 and analyzed
by immunoblotting with anti-FAP68 and RBX1 antibodies. (C) A model of
p185-based complex.
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tural similarity to SCF. In SCF complexes, the variable F box
protein subunit binds to the substrate protein (16) and Cul1�
Rbx1 forms a catalytic core complex that serves to recruit an E2
ubiquitin-conjugating enzyme (38, 39). The analogy to the SCF
complex suggests that a p185�Cul7–Skp1–Fbw6 complex targets
a specific substrate for ubiquitination in a similar fashion. To
date, we have been unable to confirm any candidate substrates,
including FAP68, for this complex.

Skp2, one of the most investigated F box proteins, is ubiqui-
tinated by the SCFSkp2 complex in an autocatalytic manner (22).
The decrease of Cul1 expression by antisense oligonucleotides
led to increased protein level of Skp2 in quiescent cells (22).
Unlike Skp2, Fbw6 expression in p185�/� and p185�/� MEFs was
not sensitive to proteasome inhibitor under standard culture
conditions (data not shown) and Fbw6 protein was destabilized
in the absence of p185 (Fig. 4F). The underlying mechanism that
controls the stability of Fbw6 protein is apparently different
from the mechanism for Skp2.

FAP48, a splice variant of FAP68, was originally isolated as an
FKBP59-binding protein (40). However, recent articles have
reported that FAP68 is the major gene product with the trun-
cated FAP48 mRNA and protein expression not detected in
several cell lines and tissues (25, 29). Based on the protein size,
we concluded that the 58-kDa p185-associated band corresponds
to FAP68 (Fig. 4A). Recently, 14 different germ-line mutations

of FAP68 were identified in patients with inherited glomuvenous
malformations (25). Therefore, gene inactivation of two com-
ponents of the p185-based complex (p185 and FAP68) contrib-
utes to vascular defects in mice (Fig. 3 A, D, and E) and humans
(25), respectively, supporting the idea that both components may
be involved in a common signaling pathway.

The phenotype of p185 knockout mice and the human syn-
drome of glomuvenous malformation caused by mutation of one
p185-associated protein, FAP68, suggest that p185 is involved in
vascular morphogenesis. Further investigation of p185 may lead
to a molecular understanding of vascular formation and the
etiology for glomuvenous malformations. Although the precise
mechanism of how vascular abnormality is caused by p185 and
FAP68 gene knockout remains unknown, it is likely that sub-
strate proteins ubiquitinated by p185-based complex play a
crucial role in endothelial proliferation and�or differentiation.
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