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Skpl is involved in a variety of crucial cellular functions, among which the best understood is the formation
together with Cull of Skp1l-cullin—-F-box protein ubiquitin ligases. To investigate the role of Skp1, we generated
transgenic (Tg) mice expressing a Cull deletion mutant (Cull-N252) able to sequestrate and inactivate Skpl.
In vivo interference with Skpl function through expression of the Cull-N252 mutant into the T-cell lineage
results in lymphoid organ hypoplasia and reduced proliferation. Nonetheless, after a period of latency,
Cull-N252 Tg mice succumb to T-cell lymphomas with high penetrance (>80%). Both T-cell depletion and the
neoplastic phenotype of Cul1-N252 Tg mice are largely rescued in Cul1-N252, Skp1 double-Tg mice, indicating
that the effects of Cull-N252 are due to a sequestration of the endogenous Skpl. Analysis of Cull-N252
lymphomas demonstrates striking karyotype heterogeneity associated with c-myc amplification and c-Myc
overexpression. We show that the in vitro expression of the Cul1-N252 mutant causes a pleiotrophic phenotype,
which includes the formation of multinucleated cells, centrosome and mitotic spindle abnormalities, and im-
paired chromosome segregation. Our findings support a crucial role for Skpl in proper chromosomal segre-

gation, which is required for the maintenance of euploidy and suppression of transformation.

The selective degradation of many short-lived proteins in
eukaryotic cells is carried out by the ubiquitin-proteasome
pathway (reviewed in reference 23). Two distinct ubiquitin
conjugation pathways mediate cell division by affecting the
transition from G, to S phase, the separation of sister chro-
matids during anaphase, and the exit from mitosis. The first
event in G,/S requires the ubiquitin-conjugating enzyme Cdc34
(or Ubc3) and a ubiquitin-protein ligase complex termed SCF
complex (Skpl-Cullin—-F-box protein) in order to activate
DNA replication (reviewed in reference 11). The two mitotic
events involve a large ubiquitin-ligase complex called the an-
aphase-promoting complex—cyclosome (APC/C) in combina-
tion with one of two distinct ubiquitin-conjugating enzymes
(Ubcl10 or Ubc4). APC/C regulates mitosis by affecting chro-
mosome and spindle dynamics and by regulating the activity of
mitotic cyclin-dependent kinase (Cdks) (reviewed in reference
53).

SCF ligases consist of three invariable subunits (Skp1, Cull,
and Rbx1/Rocl) and a variable component known as the F-box
protein. SCF complex targets include cell cycle regulators such
as G,-phase cyclins, Cdk inhibitors, and DNA replication and
transcription factors, as well as non-cell cycle-specific sub-
strates (27). F-box proteins bind to Skpl through their F-box
motif and serve as the substrate recognition subunit (2, 15, 44).
More than 50 mammalian F-box proteins, which are in-
volved in the recruitment of specific substrates, have been
identified to date (6, 49). So far, only four SCFs have been
well characterized in mammals: SCFPT™“P! SCFPTrCF2,
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SCFS%P2 and SCF"“P<¥F™™7 (reviewed in references 12, 42,
and 47).

Skpl is an adapter subunit that links the F-box protein to
Cull (33, 35, 44, 51). In yeast, different Skpl mutants arrest
cells either in G, or in G,, suggesting an involvement of Skp1
in different stages of the cycle (2, 8). Interestingly, in mamma-
lian cells, both Skpl and Cull, besides being localized within
the cytoplasm and the nucleus, can associate with centrosomes
(16, 22). Indeed, it has been suggested that Skpl forms an
extended pericentriolar structure that may serve to organize
the centrosomes (16) and could therefore be involved in chro-
mosome segregation. Several studies in yeast indicate that,
rather than exclusively linking F-box proteins and Cull, Skpl
might have additional roles outside the SCF complexes. In
particular, Skplp activates Ctf13p by promoting its phosphor-
ylation, thereby allowing Ctf13p to activate the CBF3 kineto-
chore complex (24). Moreover, Skplp has been found to bind
Rceylp to facilitate SNARE recycling (18) and Ravlp has been
found to regulate V-ATPase assembly (43). However, these
functions have not been confirmed in other organisms.

In humans, six CUL genes have been identified (26). While
all of these gene products are capable of binding to Rbxl1/
Rocl, only Cull interacts with Skpl to form SCF complexes
(33, 35). Cull has three domains that mediate its association
with other components of the SCF complex. The N-terminal
region, which in Cull mediates binding to Skpl, is the least
conserved domain among cullin members (35). The ability to
ubiquitinylate substrates depends on two elements at the
COOH terminus that are independently required for Cull to
interact with the E2 enzyme Cdc34 and the RING finger pro-
tein Rbx1/Rocl, respectively. The third and most highly con-
served domain present in the extreme C terminus of all cullins
mediates the attachment of a small ubiquitin-like protein,
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Nedd8 (31). The conjugation of Nedd8 to the arginine residue
at position 720 of Cull appears to enhance the ubiquitin-
ligating activity of SCF ligases (50) by increasing their affinity
for some E2 enzymes (25).

In Caenorhabditis elegans, null mutations of Cull generate
sterile animals with hyperplastic larval tissues (26). In addition,
somatic and germ line cells are smaller, suggesting that Cull is
involved in cell cycle withdrawal and size regulation of nema-
tode cells. The requirement for the Cull gene in development
is even more striking in mammalians cells. Mice carrying a
Cull deletion die in utero around embryonic day 6.5 (10, 48).
Unlike C. elegans, Cull-null blastocysts have limited prolifer-
ative capacity in spite of elevated cyclin E levels and contain
abnormally large trophoblast cells.

Recently, it has been determined that multiple Skp1-related
proteins are expressed in C. elegans, of which only a fraction is
able to interact with CULI1 (37, 52). Experiments of Skpl-
related RNA interference showed embryonic and larval hyper-
plasia as observed in Cull-null animals. However, additional
phenotypes were also described, suggesting the existence of
Cull-independent functions (37, 52). Thus, although these
studies have shown that Cull and Skpl are indispensable for
the early development of nematodes and mammals, their func-
tion in postnatal and adult organs has not been demonstrated.

To investigate the role of Skpl complexes in vivo, we gen-
erated transgenic (Tg) mice expressing in the T-cell lineage a
Cull deletion mutant (Cull-N252) capable to sequestrate
Skpl. Cull-N252 mice showed hypoplastic lymphoid organs
whose T cells were unresponsive to in vitro mitogenic stimu-
lation. Notably, forced expression of Cull-N252 caused the
formation of multinucleated cells, defects in centrosomes and
mitotic spindles, impaired chromosome segregation, and chro-
mosomal instability and also resulted in neoplastic transforma-
tion with high penetrance. These findings support a crucial role
for Skpl in the preservation of genetic stability.

MATERIALS AND METHODS

Constructs and plasmids. Cull mutant constructs were generated by recom-
binant PCR. A Flag tag was added to the 3’ end of wild-type (wt) Cull and the
Cull mutants encoding 252 (N252) and 385 (N385) amino-terminal residues.
Cull K720R mutation was generated by oligonucleotide-directed mutagenesis by
PCR with the QuikChange site-directed mutagenesis kit (Stratagene). pRC/
cyclin E was kindly provided by J. Lukas. All constructs were subcloned (BamHI-
Notl) into an episomal green fluorescent protein retroviral expression vector
(Pallino) (21) and subsequently sequenced. His-tagged Skp1 was subcloned in
pcDNA3 (4). The Cull mutant (residues 324 to 776) was provided by Z. Q. Pan
(50). Cul1-N252 was cloned (BamHI-NotI) into the Tet-inducible pcDNA5STO
vector (Invitrogen).

Cell cultures. Transfections of 293T, HeLa, U2-OS, and NIH 3T3 cells were
performed with Effectene reagent according to the manufacturer’s instructions
(Qiagen). Cells were cultured in Dulbecco’s modified Eagle medium plus 10%
calf serum or fetal calf serum for 24 h, selected with puromycin (1 wg/ml) for 5
days, and lysed. Cytosolic extracts were used for immunoprecipitation or West-
ern blotting. Induction of Cull-N252 in transfected 293Trex cells (Invitrogen)
was achieved with doxycycline (1 wg/ml). Cells were harvested after 72 h of
culture.

Extract preparation, immunoprecipitation, Western blotting, and antibodies.
Immunoprecipitation assays and Western blotting were performed as described
previously (28, 38). Monoclonal antibodies (MAbs) to human Cull, Skp2, Skp1,
and cyclin E and MAbs to rabbit cyclin A, Cdk2, and Rocl were previously
described (4, 5, 28). MADbs to p21 (catalog number C24420), p27 (catalog number
K25020), and B-catenin (catalog number P46020) were purchased from Trans-
duction Laboratories; MAbs to Flag (catalog number F3165) and a«-tubulin
(catalog number T5168) were purchased from Sigma; and MAbs to cyclin D3
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(catalog number MS-215-P) were purchased from Neomarkers. Rabbit poly-
clonal antibodies to Flag were purchased from Zymed (catalog number 71-5400),
and rabbit polyclonal antibodies to cyclin B (catalog number sc-245), E2F-1
(catalog number sc-193), c-Myc (catalog number sc-746), cyclin E (catalog num-
ber sc-481), and His (catalog number sc-803) were purchased from Santa Cruz.

Immunohistochemical staining. For immunohistochemical staining, anti-p27
MADb (1:1,000, catalog number K25020; Transduction Laboratories) was used.
Immunostainings were performed on formalin-fixed, paraffin-embedded tissues
by the avidin-biotin-peroxidase complex method and by using a semiautomated
immunostainer (Ventana Systems) as described previously (7).

Tg mice. Human Cul1-N252 mutant or human wt Skp1 proteins were cloned
(SacI-Sall) into a vector containing the minimal CD4 enhancer (339 bp), the
minimal murine CD4 promoter (487 bp), the transcription initiation site, and 70
bp of the untranslated first exon and part of the first intron of the murine CD4
gene (41). Tg mice were generated as described previously (7). Screening of
founder animals was performed by PCR and confirmed by Southern hybridiza-
tion on genomic DNA from tail biopsy samples. Screening of the offspring was
performed by PCR amplification of tail DNA. Double-Tg mice were generated
by crossing CD4-Cul1-N252 mice with CD4-Skp1 mice. Mice were housed in the
Skirball Institute Animal Facilities of the New York University under National
Institutes of Health (NIH) guidelines. Animals were monitored daily. Necropsies
were performed on all animals that died spontaneously or were killed during the
observation period. A portion of each sample was fixed in formalin, embedded in
paraffin, and sectioned for staining with hematoxylin and eosin stain, while
another portion was frozen. Histological analysis of the thymus, spleen, and
lymph nodes was performed as described previously (7). For immunophenotyp-
ing, fluorochrome-conjugated antibodies against CD4 (fluorescein isothiocya-
nate), CD8 (phycoerythrin), and CD90/Thy-1 (fluorescein isothiocyanate) from
Pharmingen were used. Overtime survival was calculated, and the statistical
significance was calculated by using the log rank test.

Tumorigenicity in nude mice. NCr nude mice (nu/nu) were purchased from
Taconic. NIH 3T3 cells transfected with wt Cull, the Cull-N252 mutant, or
empty vector were grown in selective medium (1 pg of puromycin/ml) for 30
days. Subconfluent cells were harvested and resuspended in phosphate-buffered
saline (PBS; pH 7.2). One hundred microliters of cells (10°) was inoculated
subcutaneously in nude mice previously treated with cyclophophamide (150
mg/kg of body weight). Tumor growth was monitored weekly.

T-cell suspension and proliferation assay. Thymi were dissected, washed in
PBS, cut into small pieces, and put in a 60-mm-diameter petri dish containing
complete medium (RPMI 1640, 10% fetal bovine serum, 50 uM B-mercapto-
ethanol, 2 mM L-glutamine, 0.1% penicillin-streptomycin). Single-cell suspen-
sions were mechanically prepared by crushing the pieces of thymus or lymph
nodes with the bottom of a 3-ml syringe plunger. Viable cells were then pelleted,
resuspended in complete medium, seeded in a 96-well dish (0.25 X 10° cells per
well), and then activated with concanavalin A (5 wg/ml) in the presence of
interleukin-2 (IL-2; 50 ng/ml) or with phorbol 12-myristate 13-acetate (50 ng/
ml) and ionomycin (1 wM) or phytohemagglutinin (PHA; 5 pg/ml) in the pres-
ence of IL-1 (2 ng/ml), IL-4 (10 ng/ml), IL-7 (20 ng/ml), and B-mercaptoethanol
(50 pM). After a 48-h incubation at 37°C, [*H]thymidine (1 wCi) was added for
an additional 24-h period and proliferation was assessed by [*H]thymidine in-
corporation.

Southern blot analysis. For Southern blot analysis, 3-pg aliquots of genomic
DNA were digested with EcoRI, electrophoresed, denatured, and transferred to
a Hybond N+ membrane (Amersham Pharmacia Biotech). Blots were hybrid-
ized with 3?P-labeled cDNA probes specific for murine c-myc (Xhol fragment)
and B-actin.

Karyotype and FISH analysis. Cell cultures were incubated in medium con-
taining Colcemid (0.1 pg/ml) for 2 to 18 h and harvested by standard cytogenetic
procedure. Metaphase spreads were stained with 4’,6’-diamidino-2-phenylindole
(DAPI; Sigma). Chromosomal distributions included the analysis of 100 meta-
phase spreads for each experiment. Fluorescent in situ hybridization (FISH)
analysis was performed on 293T cells with centromeric probes specific for chro-
mosomes X, 7, 12, and 18 as described by the manufacturer (Vysis). At least 100
cells were scored for each experiment. For c-myc FISH analysis, metaphases
were hybridized with a bacterial artificial chromosome probe kindly provided by
M. J. Difilippantonio. The c-myc genomic probe was nick translated with Spec-
trumGreen dUTP (Vysis) and hybridized by following standard procedures.

Centrosome and mitotic spindle staining. Transfected NIH 3T3 cells were
grown in selective medium (1 pg of puromycin/ml) for 5 days onto glass cover-
slips, rinsed in PBS, and fixed with ice-cold methanol for 20 min at —20°C,
followed by permeabilization for 10 min with 0.25% Triton X-100 in PBS at room
temperature. Immunofluorescence stainings were performed with mouse anti-
bodies to a-tubulin or y-tubulin (Sigma) and detected with anti-mouse biotinyl-



VoL. 22, 2002

ated antibodies, followed by streptavidin-Cy3 (Sigma). Samples were counter-
stained with DAPI. At least 100 cells were analyzed for each experiment.

RESULTS

Expression of Cull mutants increases cellular levels of SCF
substrates. Since Cull-Skpl interaction is mediated by the
NH,-terminal domains of both proteins and does not require
the central and COOH-terminal domains of Cull, we reasoned
that the function of Skpl complexes could be impaired by
expressing the NH,-terminal mutants of Cull able to bind
Skpl but lacking the docking sites for Rbx1/Rocl and Cdc34.
wt Cull and two Cull mutants encoding 252 and 385 NH,-
terminal amino acid residues (Cull-N252 and Cull-N385, re-
spectively; all 3’ Flag tagged) were transfected into 293T cells.
Immunoprecipitation experiments demonstrated that, together
with wt Cull and the Cull mutants (Fig. 1A, lanes 1 through 4),
the anti-Flag antibody coprecipitated both Skpl and Skp2,
whereas Rbx1/Rocl associated with only wt Cull (Fig. 1A,
lanes 5 through 8). These data show that the Cull-N252 and
Cul1-N385 mutants are able to bind Skpl and Skp2 and likely
other F-box proteins but cannot interact with Rbx1/Rocl.

To test whether the expression of Cull mutants in 293T cells
interfered with SCF-dependent degradation, we examined the
levels of various cell cycle regulators. The abundance of known
SCEF substrates such as cyclin E, p27, and B-catenin was signif-
icantly and specifically increased in cells expressing either the
Cull-N252 or Cull-N385 mutant, whereas the amounts of
other potential substrates, including E2F-1 (data not shown)
and c-Myc as well as those of control proteins (cyclin B and
Cdk2), did not change (Fig. 1B). Similar effects were observed
in other cell lines, including HeLa, U2-OS, and NIH 3T3 (data
not shown).

Importantly, coexpression of Skpl partially blocked the ef-
fects of Cull-N252 on p27 accumulation (Fig. 1C). This
strongly suggests that Cull-N252 effects are specifically medi-
ated by the sequestration of endogenous Skpl-F-box protein
complexes. The specificity of the system is further supported by
the fact that the expression of an additional Cull deletion
mutant unable to bind Skpl (Cull from residues 324 to 776)
did not result in a detectable increase in p27 levels (data not
shown).

Lymphoid organ hypoplasia and reduced T-cell prolifera-
tion in CD4-Cul1-N252 mice. To evaluate the biological effects
of the Cull-N252 mutant in vivo, we generated Tg mice tar-
geting the expression of Cull-N252 to the T-lymphoid lineage.
This model guarantees postnatal development and fertility and
represents a good system to study cell proliferation in vivo.
Flag-tagged human Cull-N252 was placed under the murine
CD4 minimal promoter in the presence of the CD4 enhancer.
This promoter lacks the CD4 silencer region and is transcrip-
tionally active in both single- and double-positive T cells (41).
Three independent Cull-N252 Tg lines of mice (lines 4, 10,
and 20) were obtained. All the experiments described herein
were performed with the CD4-Cull-N252 Tg lines 10 and 20
that expressed the highest levels of Flag-tagged Cull-N252
(Fig. 2A, top panel). Importantly, the human Cull-N252 mu-
tant was able to bind to murine Skpl (Fig. 2B), verifying that
the exogenous protein could assemble within murine SCF com-
plexes. Moreover, we generated Skpl Tg mice constitutively
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FIG. 1. Expression of Cull mutants increases protein levels of SCF
complex substrates. (A) Cull-N252 and Cull-N385 mutant proteins
associate with Skpl and the F-box protein Skp2 but not with Rbx1/
Rocl. 293T cells were transfected with 3'-Flag-tagged Cull mutants
encoding N-terminal amino acid peptides residues 1 to 252 (Cull-
N252) or residues 1 to 385 (Cul1-N385) or with wt Cull. Transfected
cells were selected for 5 days after the addition of puromycin (1
pg/ml). Lysates were first immunoprecipitated with mouse anti-Flag
antibody and then immunoblotted with rabbit anti-Flag antibody
(lanes 1 through 4) or the Skp1, Skp2, or Rbx1/Rocl antibody (lanes 5
through 8). (B) Expression of Cull-N252 mutants increases protein
levels of p27, cyclin E, B-catenin, and p21. 293T cells transfected with
empty vector (Pallino) (lanes 1 and 5), Cull-N252 (lanes 2 and 6),
Cul1-N385 (lanes 3 and 7), or wt Cull (lanes 4 and 8) were selected
with puromycin for 5 days. Lysates from transfected cells were then
immunoblotted with the indicated antibodies. (C) Coexpression of
Skp1 attenuates the effects of the Cul1-N252 mutant on p27 accumu-
lation. 293T cells were transfected with vector (pcDNA3) alone (2 p.g)
(lane 1), with a combination of empty vector and His-tagged Skp1 (0.4
and 1.6 pg) (lane 2), with empty vector and the Cul1-N252 mutant (1.6
and 0.4 ng) (lane 3), or with both His-Skp1 and the Cul1-N252 mutant
(1.6 and 0.4 pg) (lane 4). Cells were lysed 48 h posttransfection and
immunoblotted with the anti-Flag, p27, and Skpl antibodies.

expressing Skpl whose expression was restricted to T lympho-
cytes (Fig. 2C).

Cul1-N252 Tg mice, born at the expected Mendelian ratio,
were viable and fertile. Flow cytometry analysis showed normal
proportions of thymic CD4"/CD8™ double positive and CD4 ™"/
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FIG. 2. Generation of CD4-Cull-N252 Tg mice. (A) Expression of
the Flag-tagged Cull-N252 mutant and other cell cycle regulatory
proteins in CD4-Cull-N252 Tg mice. Extracts (30 ng of protein) from
the thymocytes of two control non-Tg mice (wt), Cull-N252 Tg line 10
mice, and Tg line 20 mice were immunoblotted with the antibodies to
the indicated proteins. (B) Association of the human Flag-tagged
Cul1-N252 mutant with endogenous murine Skp1l. Thymocytes of a wt
(middle lane) and a CD4-Cul1-N252 Tg mouse (right lane) were im-
munoprecipitated with a rabbit anti-Flag antibody and then immuno-
blotted with antibodies to Flag or Skpl. 293T cells transfected with
Cull-N252 were used as a positive control (left lane). The bottom
panel shows the corresponding total lysates immunoblotted with anti-
Flag antibodies. (C) Expression of Skpl in CD4-Skpl Tg mice. Thy-
mocytes of wt and Tg mice were immunoblotted with the indicated
antibodies.

CD87, with a minor reduction of CD4~/CD8 " -single-positive
lymphocytes, demonstrating that T-cell ontogeny and develop-
ment were largely normal (data not shown). Nevertheless, in
Cull-N252 Tg mice, lymph nodes and the spleen were signif-
icantly smaller (~60% of that of controls) (Fig. 3G and H and
data not shown) and the number of thymocytes was substan-
tially decreased (three- to fivefold) (Fig. 3J). Similarly, the
number of T cells in the lymph nodes was lower (6- to 10-fold)
(data not shown). Histopathological examinations of lymphoid
organs of Cull-N252 Tg mice revealed a prevalence of the
cortical layer in the thymus (compare Fig. 3A and B) and
lymphoid depletion within the interfollicular areas of periph-
eral lymphoid organs (Fig. 3E and H). Because T-cell deple-
tion could be due to reduced cell proliferation, we subse-
quently examined the in vitro growth properties of T
thymocytes derived from Cull-N252 Tg mice in response to
different mitogenic stimuli (concanavalin A, CD3, or PHA with
IL-1, IL-4, and IL-7) and observed that the rate of prolifera-
tion of Cull-N252 cells was markedly reduced compared to
that for the controls (Fig. 3K and data not shown). In contrast,
no significant differences between Tg and littermate control
mice were observed in studying T-cell susceptibility to sponta-
neous apoptosis or dexamethasone- or tumor necrosis factor-
induced apoptosis (data not shown).

When protein expression profiles were evaluated by immu-
noblotting, increased levels of the SCF substrates, cyclin E, and
B-catenin were detected in the thymus of Tg line 10 mice and,
more considerably, in that of line 20 mice (Fig. 2A). By immu-
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nohistochemical staining, we observed a strong increase in p27
protein levels in the subcortical areas of Cull-N252 thymi,
which normally are negative for p27 and have a high prolifer-
ation index (Fig. 3M). In contrast, cells in the inner areas of the
cortex as well as in the medullar area of the thymus also
expressed high levels of p27 in non-Tg mice (Fig. 3L). The lack
of a robust accumulation of p27, as detected by immunoblot-
ting (Fig. 2A), is likely due to the limited proportion of cells
(subcapsular elements) with higher levels of p27.

To verify the specificity of the Cul1-N252 phenotype in vivo,
we generated CD4-Skpl Tg mice and crossed them with CD4-
Cull-N252 animals (line 20). All CD4-Skpl mice (Fig. 2C)
were viable and fertile and did not display any alterations of
the thymus, spleen, or lymph nodes (data not shown). Notably,
mice inheriting both the Cull-N252 and Skpl transgenes dis-
played a substantial abrogation of the Cull-N252 phenotype.
Examination of double-Tg mice showed a less severe depletion
of T-cell areas in all lymphoid organs (Fig. 3C, F, and I); a
normalization of p27 protein expression in double-Tg Clul-
N252, Skpl mice (Fig. 3N); and an increased sensitivity to
mitogenic stimulation compared to that in Cull-N252 Tg mice
(Fig. 3K). Thus, as for the effects of the Cull-N252 mutant in
cell lines (Fig. 1C), the in vivo effects appeared to be mediated
by the sequestration of endogenous Skpl protein.

Cull1-N252 Tg mice develop T-cell lymphomas. Despite the
low index of proliferation and T-cell depletion, more than 80%
of Cull-N252 Tg mice developed T-cell lymphomas and died
between 4 and 16 months of age (Fig. 4A). Lymphomas were
characterized by atypical cells ranging in size from intermedi-
ate to large (Fig. 4C through E), with high mitotic rates and
frequent apoptotic bodies (Fig. 4D, inset). Neoplastic cells
often infiltrated surrounding perilymphoid tissues and periph-
eral lymphoid organs. Confirmation of the diagnosis came
from flow cytometric analysis of thymic tumors, which revealed
that all lymphomas were CD4"/CD8" double positive and
expressed a single T-cell-antigen receptor B-chain indicating
their clonal origin (data not shown). Both Cull-N252 Tg lines
developed tumors with a similar penetrance but with a differ-
ent latency (Fig. 4A). In line 20, 85% of the Cull-N252 mice
developed T-cell lymphomas, with a median survival age of 34
weeks, while in line 10, tumors occurred in 80% of Cull-N252
Tg mice, with a median survival of 59 weeks. In line 10, tumors
originated in peripheral lymphoid organs rather than in the
thymus and displayed large pleomorphic, eosinophilic cells
with multiple nuclei (Fig. 4E). In agreement with the partial
recovery of the Cull-N252 phenotypes by the coexpression of
Skp1 (Fig. 3), double-Tg mice that originated by crossing Cull-
N252 mice (line 20) with Skpl mice resulted in a decreased
incidence of lymphoma and in better survival (Fig. 4B).

Cull-N252 lymphomas display c-myc amplification and
chromosomal instability. To characterize Cull-N252 T-cell
lymphomas at the molecular level, tumor extracts from CD4-
Cull-N252 (n = 18), CD4-NPM-ALK (n = 5) (54), and
TMTV-Nras (n = 5) mice (34) were compared by immuno-
blotting. Figure SA shows a representative analysis of these
tissue extracts. Overall, compared to that in control thymi and
unrelated T-cell lymphomas, most of the Cull-N252 tumors
expressed higher levels of B-catenin. p27 levels were also in-
creased in some Cull-N252 lymphomas (Fig. 5, lanes 5 and 6).
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FIG. 3. Characterization of Cull-N252 Tg mice. (A through I) Cellular depletion in lymphoid organs of Cull-N252 Tg mice. Histological
analysis of thymi and peripheral lymphoid organs from wt, Cull-N252 Tg (line 20), and Cull-N252, Skpl double-Tg mice (6 to 8 weeks old).
Sections were stained with hematoxylin and eosin stain. (J) Cul1l-N252 Tg mice showing a decreased number of lymphoid cells. Total numbers of
thymocytes in wt, Cull-N252, and Cull-N252, Skpl double-Tg mice are shown. Data are the means * SD representative of six animals for each
group. (K) Decreased sensitivity to mitogenic stimulation of Cull-N252 thymocytes. Thymocytes from wt, Cull-N252, and Cull-N252, Skp1 Tg
mice were cultured with PHA and IL-1, IL-4, and IL-7 for 72 h. [*’H]Thymidine was added to the medium during the last 24 h. The results are shown
as the means of [*H]thymidine incorporation representative of three independent experiments with three animals for each group. (L and M)
Increased expression of p27 in subcortical thymocytes of Cull-N252 Tg mice. Anti-p27 was used in immunohistochemistry of wt (L), Cul1-N252
Tg (M), or Cull-N252, Skpl Tg mouse thymi. Magnification, X100 for thymus and lymph node, X400 for spleen and p27 in thymus.
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More strikingly, 16 of 18 Cul1l-N252 lymphomas displayed very
high expression of the c-Myc oncoprotein (Fig. 5A).

Since c-Myc is known to be regulated by ubiquitinylation and
a link between the failure of c-Myc proteolysis and cancer has
been suggested (1, 20, 40), we investigated whether the over-
expression of c-Myc in Cull-N252 lymphoma was the result
of protein stabilization. The steady-state level of c-Myc in
Cul1-N252 cell lines declined rapidly, suggesting that the
proteolytic process was not affected (Fig. 5B). In fact, c-Myc
turnover was even shorter than that in the Daudi cell line,
which overexpresses a c-Myc protein that is not stabilized
(1). This observation is in agreement with the fact that
c-Myc is not accumulated in cell lines expressing Cull-N252
(Fig. 1B).

Gene amplifications and translocations are commonly re-
sponsible for the aberrant c-Myc expression observed in many
human cancers, including lymphomas (reviewed in reference
9). We performed Southern blot analysis that indicated c-myc
gene amplification (five to eight copies) in five of the six tumors
examined (Fig. 5C). FISH analysis showed that c-myc amplifi-
cation was the result of an increased copy number of the
c-myc-carrying chromosome (15). We concluded that Cull-
N252 lymphomas overexpress c-Myc protein as a consequence
of chromosomal amplification.

This event was highly suggestive of genetic instability. We
therefore analyzed the presence of other karyotype abnormal-
ities. Two Cull-N252 primary lymphomas and four cell lines
derived from Cull-N252 tumors were subjected to genetic
karyotyping. As controls, we used tumors and cell lines from

mice expressing oncogenic NPM-ALK under the control of the
same CD4 promoter (54). In all Cull-N252 tumor cells, the
chromosome number was highly variable (standard deviation
[SD], >6), with only 10 to 15% of cells having a diploid chro-
mosome karyotype (n = 40) (Fig. 6A and data not shown). In
contrast, 70% of NPM-ALK cells had normal ploidy (mean =
SD, 40 = 1.5). Taken together, these data indicate that the
expression of Cull-N252 in T cells promoted c-myc amplifica-
tion and cellular transformation in vivo, possibly as the result
of chromosomal instability.

Expression of Cull-N252 induces chromosomal instability
and centrosome and mitotic spindle defects and results in
cellular transformation. To characterize the chromosomal ab-
normalities observed in vivo, we expressed the Cull-N252 mu-
tant in cell lines (NIH 3T3 and 293T) in which morphological
and karyotypical alterations could be studied in greater detail
than in T cells. Approximately 20 to 25% of cells expressing the
Cull-N252 mutant presented more than two nuclei per cell
(Fig. 7A) and had hyperploid DNA content (data not shown).
In addition, micronuclei (6%) and enlarged nuclei (11%) were
significantly increased in interphase cells expressing Cull-
N252. In contrast, cells enforced to express cyclin E, a known
inducer of chromosomal instability (45), showed a profile sim-
ilar to that of control cells (~2% of multinucleated cells). To
document that these changes were specific and due to the
overexpression of Cull-N252, we generated a Tet Cull-N252-
inducible cassette. Using 293T-transfected cells, we were able
to confirm not only that p27 protein levels could be upregu-
lated after doxycycline induction but that the concomitant
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overexpression of Skpl could normalize the accumulation of
p27 and, more importantly, significantly decrease the number
of aberrant, multinucleated cells (Fig. 7B). Furthermore, 293T
cells expressing the Cull1-N252 mutant exhibited marked chro-
mosomal instability, as assessed by dual-color interphase FISH
with four randomly selected centromeric probes (chromo-

somes 7, 12, 18, and X) (Fig. 7C). To understand if the changes
in DNA content were a mere consequence of the multinucle-
ated phenotype or whether unbalanced chromatid segregation
was taking place in Cull-N252 cells, we scored multinucleated
Cull-N252 cells. Remarkably, almost all Cull-N252 multinu-
cleated cells exhibited an unequal distribution of one or more

FIG. 7. Chromosomal instability in Cull-N252 cells. (A) Quantitative analysis of the number of nuclei in 293T cells transfected with empty
vector (Pallino), cyclin E, wt Cull, and the Cul1-N252 mutant is shown. Data are expressed as the percentages of cells that contained the indicated
number of nuclei. Data are the means = SD from three independent experiments. **, chi-square P < 0.0001. (B) Overexpression of Skpl
overcomes the changes induced by Cul1N252. Cull-N252 and Cul1-N252-His-Skp1-transfected 293Trex cells were cultured with doxycycline, and
protein levels of p27 were analyzed by Western blotting. The expression of Skp1l was measured with anti-His antibody (left panel). Transfected cells
were cultured in the presence of doxycycline for 72 h, and the number of multinucleated cells was scored as described above (right panel). (C) FISH
analysis of 293T cells with centromeric probes specific for chromosomes X, 7, 12, and 18 is shown. Mean chromosome number and SD are
calculated for each transfection after counting at least 100 nuclei. (D) Unequal distribution of chromosomes in a multinucleated Cul1-N252 cell
(293T) is indicated. FISH signals were detected with centromeric probes specific for chromosome 7 (red) and chromosome 12 (green). Nuclear
DNA was stained with DAPI (blue). (E) Percentage of multinucleated Cul1-N252 cells showing unequal distribution of the indicated chromosomes
analyzed by FISH is illustrated. At least 200 cells were counted.
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chromosomes within different nuclei of the same cell (Fig. 7D
and E).

The substantial percentage of abnormally hyperploid cells
and the uneven distribution of chromosomes suggested that, in
Cull-N252 cells, the fidelity of chromosome segregation was
compromised. Recent studies have proposed that the aberrant
replication of centrosomes can result in defective mitotic spin-
dle organization, which leads to aneuploidy (17, 39). To exam-
ine whether Cull-N252 expression affected centrosome dupli-
cation, centrosomes of NIH 3T3 cells transfected with the
Cul1-N252 mutant were stained with an antibody to y-tubulin
(Fig. 8). One or two centrosomes were detected in cells ex-
pressing wt Cull or cyclin E. In contrast, about 25% of Cull-
N252 cells had an abnormal number of centrosomes (Fig. 8A).
Overduplicated centrosomes as well as centrosomes that du-
plicated but failed to separate were also frequently seen in only
Cul1-N252 cells (Fig. 8B and C).

If centrosomes fail to duplicate or duplicate more than once
in a cell cycle, aberrant spindles are assembled, resulting in
unequal chromosome segregation (3). To examine whether
Cul1-N252 cells were associated with defects in mitotic spindle
organization, we performed immunostaining with a-tubulin (a
component of microtubules), which revealed that the Cull-
N252 cells were frequently associated with multipolar as well as
unipolar spindles (Fig. 8D through F). Despite the fact that
chromatin condensed normally in mitotic cells expressing
Cul1-N252, their chromosomes often appeared to congregate
improperly with a significant fraction of cells containing one or
more chromosomes clearly separated from the bulk of the
DNA clustered at the plate (Fig. 8G). Finally, in a large per-
centage of Cull-N252 cells, the chromosomes did not segre-
gate cohesively to mitotic poles and lagging chromosomes were
often visible during anaphase (Fig. 8H), as were DNA bridges
between dividing cells (Fig. 81). A quantification of aberrant
mitosis is shown in Fig. 8J.

The Cull-N252-dependent mitotic defects were always ob-
served in transfected cells after 5 days of growth in selective
medium. These cells also showed a reduction in proliferation
(data not shown). Nonetheless, after a variable lag phase,
Cul1-N252 NIH 3T3 cells lost contact inhibition and acquired
the capability to generate tumors when inoculated into nude
mice (7 of 10 injections). In contrast, none of the NIH 3T3 cells
transfected with either wt Cull or the mock vector (0 of 14

independent experiments. #x, P < 0.0001. (B and C) NIH 3T3 cells
transfected with the indicated constructs were stained for centrosomes
with anti-y-tubulin antibody (red) and counterstained with DAPI
(blue) after 5 days of growth in selective medium. (B) Representation
of a Cull-N252 cell with multiple centrosomes is shown. (C) Multinu-
cleated Cull-N252 cell with nonseparated centrosomes is shown. (D
through I) Abnormal mitosis in cells that express Cull-N252 is shown
in the following components and stages: mitotic spindles of unipolar
(D), tripolar (E), and tetrapolar (F) mitosis stained with anti-a-tubulin
antibody (red) and counterstained with DAPI (blue); metaphase plate
with chromosomes not congregated with the bulk of DNA (G); an-
aphase with lagging chromosomes (H); and defective cytokinesis with
bridging chromatin (I). For panels G through I, DNA was stained with
DAPI (white). (J) Aberrant mitosis was induced by Cul1-N252 mutant
expression and quantified. One hundred cells during mitosis were
counted per sample. Data are given as the means *= SD from three
independent experiments, #x, P < 0.0001.
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injections) were able to grow in nude mice. These results dem-
onstrated that the abnormal segregation of chromosomes is a
common feature of Cull-N252-expressing cells. Missegrega-
tion can cause an unequal nuclear division, leading to the
formation of meta-stable genotypes sufficient to result in the
neoplastic transformation of Cull-N252 cells.

DISCUSSION

Here, we show that the in vivo expression of a Cull deletion
mutant in the T-cell lineage impinges cell proliferation, leading
initially to hypoplastic, although fully differentiated, lymphoid
organs. Later on, expression of Cull-N252 induces chromo-
somal instability and ultimately results in tumorigenesis. These
observations provide new in vivo evidence that Skp1 complexes
positively regulate proper chromosomal segregation and that
the interference with Skp1 is directly responsible for neoplastic
transformation.

Inactivation of SCF complexes. Our data show that expres-
sion of the N-terminal deletion mutants of Cull increases
levels of SCF substrates such as cyclin E, p27, and B-catenin.
Moreover, the specificity of the system is confirmed by the fact
that coexpression of Skpl reversed the effects of the Cull-
N252 mutant on p27 accumulation and that mice inheriting
both the Cull-N252 and Skpl transgenes displayed a substan-
tial inhibition of Cull-N252 phenotypes. Overall, the effects of
the Cul1-N252 deletion mutant are most likely mediated by the
sequestration of endogenous Skpl-F-box protein complexes.
However, we cannot exclude the possibility that additional
non-SCF Skpl complexes, if existing in mammals, are inacti-
vated by the Cull mutant and contribute to this phenotype.

Decreased number of T cells, unresponsiveness to mitotic
stimuli, and lymphomagenesis in CD4-Cul1-N252 Tg mice. We
found that T cells of CD4-Cul1-N252 mice developed normally
and responded to apoptotic stimuli as control cells. However,
all lymphoid organs showed a remarkable depletion of T cells,
which had impaired proliferation in vitro. The decreased sen-
sitivity to mitogens suggests that a reduced rate of cell growth
may be responsible for the hypoplasic lymphoid organs of
Cull-N252 Tg mice. Nevertheless, expression of the Cull-
N252 mutant induced chromosomal instability and ultimately
results in tumorigenesis. T-cell lymphomas of CD4-Cull-N252
mice have a short latency and high penetrance and lead to a
significantly decreased survival.

The cellular effects of the Cul1-N252 mutant are reminiscent
of those caused by the lack of Skp2. In fact, mice lacking Skp2
showed a reduced growth rate and accumulation of cyclin E
and p27, accompanied by multiple centrosomes and endorep-
lication. However, Skp2~/~ mice do not exhibit any predispo-
sition to cancer (36). In addition, these animals do not show
uneven chromosomal segregation and mitotic spindle defects
(Fig. 7 and 8). Moreover, cells forced to express Cull-N252
have increased aneuploid DNA content, which is not reminis-
cent of the polyploid profile of Skp2 '~ cells (data not shown).
Finally, in Skp2~/~ p27 '~ double-knockout mice, all the ab-
normalities of Skp2~/~ cells were rescued, showing that p27
accumulation was responsible for endoreplication and centro-
some overduplication (K. Nakayama et al., personal commu-
nication). In contrast, crossing Cull-N252 with p27 /'~ mice
did not reverse any of the cellular and histopathologic abnor-
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malities of Cull-N252 Tg mice and tumors derived from these
animals showed the same genetic instability of Cull-N252 tu-
mors (R. Piva, S. Lin, A. Pellicer, M. Pagano, and G. Ing-
hirami, unpublished results). All these discrepancies clearly
indicate that the interference with Skpl has a broader effect,
which cannot simply be recapitulated by the inactivation of
Skp2 function and consequent p27 accumulation.

Genetic instability and centrosomal and mitotic spindle de-
fects. We showed that the inactivation of Skpl promotes the
cellular transformation of T cells and chromosomal instability,
resulting in lymphomas with a high rate of aneuploidy and
frequent amplification of the c-myc oncogene. Genetic insta-
bility is widely recognized to be central in the evolution of
cancer (29, 32). Although different forms of genetic instability
have been described, the vast majority of solid tumors exhibit
chromosomal instability, which consists of chromosome segre-
gation defects leading to an abnormal chromosome number
(aneuploidy) (14, 30). Contrary to somatic mutations, which
need to be accumulated in a multistep process in order to
result in tumor formation, only a single mutational hit involv-
ing one of the genes that monitor the fidelity of chromosome
segregation is required to produce a chromosomal instability
phenotype (29). This event in turn primes a chain reaction that
eventually will lead toward cellular transformation. The devel-
opment of tumors in Cull-N252 mice appears to fulfill this
paradigm, suggesting that Skpl complexes are master regula-
tors of proper chromosome segregation.

It has been observed that forced expression of cyclin E
induces chromosome instability (45). Since expression of the
Cul1-N252 mutant resulted in the accumulation of cyclin E, we
determined that the overexpression of cyclin E was not suffi-
cient to induce a phenotype similar to that caused by the
Cull1-N252 mutant, as increased multinucleated cells or cen-
trosome overduplication were absent in transfected cyclin E
cells (45). These observations, therefore, do not support the
hypothesis that cyclin E accumulation is primarily responsible
for the aberrations produced by the Cull-N252 mutant.

A critical role for Skpl in cell division has previously been
established in yeast, in which severe defects in progression
through mitosis have been described in a number of skpl
mutants by Bai et al. and Connelly and Heiter (2, 8). Further-
more, SKP1 has been found to be associated with kinetochore
components (24, 46). In vitro experiments suggest that SCF-
dependent proteolysis controls centriole splitting in mammali-
ans and hence might be required for maintaining ploidy and
genomic stability (16). Our in vivo results strongly support that
theory that Skpl complexes are required for the proper cen-
trosome cycle. In fact, enforced expression of the Cull-N252
mutant induced multiple centrosome abnormalities, including
overduplication and the failure of duplicated centrosomes to
separate. This resulted in aberrant mitotic spindles that might
participate in cellular transformation. The discovery of centro-
some amplification in most human cancer cells suggests that
centrosome abnormalities could indeed initiate the transfor-
mation process (3, 19). After the acquisition of centrosome
defects, cells initiate the assembly of abnormal spindles that
cause mitotic failure or malsegregation of the replicated chro-
mosome complement. It is reasonable to speculate that, out of
such chaos, a daughter cell would then acquire, by chance, a
gene dosage that confers survival, a mutator phenotype, and
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tumorigenesis. The surviving daughter cells would subse-
quently retain mutations that suppress the centrosome over-
load by assembling a bipolar spindle, a condition that favors
mitotic stability and neoplastic growth.

In conclusion, our results show for the first time that dereg-
ulation of Cull-Skpl stoichiometric balance in mammalian
cells can affect the fidelity of chromosome transmission and
results in cell transformation in vivo. In this prospect, the Cull
gene may represent sizable genetic targets for mutational in-
activation during tumorigenesis. Indeed, the 7q35 region
where CULL resides has been found to have been deleted in
some malignancies (13). The current challenge is to identify
the molecule(s) making up the link. Moreover, Cul1-N252 cells
and CD4-Cull-N252 Tg animals may be a useful model not
only to identify still-unknown SCF substrates and the patho-
logical consequences of their deregulated degradation but also
to shed light on the mechanisms leading to chromosomal in-
stability and to cellular transformation.
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