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D cyclins (D1, D2 and D3) and their catalytic subunits

(cyclin-dependent kinases cdk4 and cdk6) have a facilitat-

ing, but nonessential, role in cell cycle entry. Tissue-

specific functions for D-type cyclins and cdks have been

reported; however, the biochemical properties of these

kinases are indistinguishable. We report that an F box

protein, Fbxo7, interacted with cellular and viral D cyclins

and distinguished among the cdks that bind D-type

cyclins, specifically binding cdk6, in vitro and in vivo.

Fbxo7 specifically regulated D cyclin/cdk6 complexes:

Fbxo7 knockdown decreased cdk6 association with cyclin

and its overexpression increased D cyclin/cdk6 activity

and E2F activity. Fbxo7 interacted with p27, but its

enhancement of cyclin D/cdk6 activity was p21/p27

independent. Fbxo7 overexpression transformed murine

fibroblasts, rendering them tumorigenic in athymic nude

mice. Transformed phenotypes were dependent on cdk6,

as knockdown of cdk6 reversed them. Fbxo7 was highly

expressed in epithelial tumors, but not in normal tissues,

suggesting that it may have a proto-oncogenic role in

human cancers.
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Introduction

D cyclins (D1, D2, D3) are activators of cyclin-dependent

kinases cdk4 and cdk6, whose activity ‘translates’ growth

signals into cell cycle progression (Morgan, 1995; Sherr,

1996). Mitogen-sensitive stages in D cyclin/cdk function

include the transcription of cyclin genes and complex forma-

tion. Studies in mice showed that cyclin D null cells can

proliferate normally in culture, demonstrating that D cyclins

are not essential for the cell cycle. However, the ability of

these cells to exit quiescence was impaired under low serum

conditions, supporting the role of D cyclins as effectors of

mitogenic signaling (Kozar et al, 2004).

The regulation of D cyclin/cdk complexes in vivo is com-

plex and involves proteins that localize, fold, activate, export

and degrade the subunits. Among the facilitators of D cyclin/

cdk activity in vivo are SEI1 (Sugimoto et al, 1999, 2002),

chaperone proteins, Hsc70 (Diehl et al, 2003), Hsp90 and

Cdc37 (Dai et al, 1996; Stepanova et al, 1996) and cdk

‘inhibitors’, p21 and p27. Cells lacking p21/p27 have a

substantial reduction in D cyclin/cdk activity, and this is

due in part to their facilitation of the assembly and import

of these complexes into the nucleus (Diehl and Sherr, 1997;

LaBaer et al, 1997; Cheng et al, 1999; Sherr and Roberts,

1999; Yang and Kornbluth, 1999; Alt et al, 2002; Sugimoto

et al, 2002). Whether free or bound to cdk, the half-life of

cyclin D1 is less than 30 min when cytoplasmic, compared

to over 3 h in the nucleus. Instability is thought to be due to

ubiquitin-mediated degradation (Diehl et al, 1997; Germain

et al, 2000). Cyclin D1 phosphorylation by GSK-3b enables its

Crm1-mediated export from the nucleus (Diehl et al, 1998; Alt

et al, 2000). Export can be antagonized by p21, and sustained

nuclear localization of cyclin D/cdk4 in NIH3T3 cells renders

them tumorigenic (Alt et al, 2000, 2002). D cyclin/cdk com-

plexes also titrate p21 and p27 away from cyclin/cdk2 com-

plexes, facilitating their activation and cellular commitment

to DNA synthesis (Parry et al, 1999; McConnell et al, 1999).

Only a small number of substrates for D cyclin/cdk com-

plexes have been identified, including the retinoblastoma

family members (pRb, p107 and p130), which have an anti-

proliferative role through repression of E2F transcription

factors. Recently, it has been shown that a second anti-

proliferative signaling pathway (TGF-b) is inactivated by

cyclin D/cdk4 complexes through the phosphorylation of

Smad3 (Matsuura et al, 2004).

The repertoire of proteins that facilitate entry into the cell

cycle includes three D cyclins and two cdks. While it appears

that there is some tissue specificity for cyclins expression and

the use of a particular cdk, there is a high level of redun-

dancy. Most cells express cdk4 and cdk6, although the

activity of one seems to predominate. For example, D

cyclin/cdk4 complexes are reported to be the main kinase

in fibroblasts and macrophages, whereas D cyclin/cdk6

activity predominates in lymphocytes (Matsushime et al,

1994; Mahony et al, 1998; Parry et al, 1999). There are few

functional distinctions between D cyclin/cdk4 and D cyclin/

cdk6 complexes; however, the ability to alter astrocytes

morphology and to prevent terminal differentiation of

erythrocytes is attributed specifically to cdk6 (Ericson et al,

2003; Matushansky et al, 2003).
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D cyclins are frequently mutated in cancers by retroviral

integration, gene amplification or chromosomal translocation

(Bates and Peters, 1995; Hall and Peters, 1996; Sherr, 1996),

and upregulated in many cancers, including head and neck

cancers, B-cell lymphomas, parathyroid adenomas and breast

cancers (Sherr, 1995, 1996). Expression of cdk4 or cdk6 is

also increased in malignancies such as B-cell lymphomas and

glioblastomas (Khatib et al, 1993; Schmidt et al, 1994; Chilosi

et al, 1998; Corcoran et al, 1999; Hayette et al, 2003).

Notably, cells lacking D cyclins or cdk4/cdk6 exhibit resis-

tance to transformation by known oncogenes, emphasizing

the importance of this pathway in tumorigenesis (Zou et al,

2002; Kozar et al, 2004; Malumbres et al, 2004).

This study describes a novel interaction for Fbxo7, an F

box domain protein. Fbxo7 was cloned in a yeast two-hybrid

screen as interacting with a viral cyclin. F box proteins are

specificity determining subunits for Skp1/cullin/F box pro-

tein (SCF) E3 ubiquitin ligases (Deshaies, 1999; Jackson and

Eldridge, 2002). As some of their targets impact the cell cycle,

they are also thought to be involved in oncogenesis (Bashir

and Pagano, 2003; Pagano and Benmaamar, 2003). Although

these ligases have mostly been described as precipitating the

ubiquitin-mediated degradation of their substrates, it is being

increasingly appreciated that ubiquitination is a multifunc-

tional modification, affecting subcellular localization, recep-

tor endocytosis, protein sorting and trafficking (Haglund

et al, 2003; Hicke and Dunn, 2003; Horak, 2003; Shcherbik

and Haines, 2004). Fbxo7 was required specifically for D

cyclin/cdk6 activity. Fbxo7 expression in NIH3T3 cells

increased the levels of cyclin D/cdk6 complexes, elevated

E2F activity and caused transformation. Moreover, trans-

formed phenotypes required cdk6, as its knockdown reversed

these characteristics. Fbxo7 was expressed in lung and colon

cancers but not in the corresponding normal tissues, suggest-

ing that it is an oncoprotein in human malignancies.

Results

Fbxo7 interacted with a viral cyclin

The cyclins encoded by oncogenic herpesviruses are homo-

logous to D cyclins. Uniquely, viral cyclins also phosphor-

ylate cyclin/cdk2 substrates and do not bind the cdki or

INK4a family proteins (reviewed in Laman et al, 2000). To

identify proteins important in viral or D cyclin-mediated

oncogenesis, a yeast two-hybrid screen of a B- and T-cell

cDNA library was undertaken using the Herpesvirus saimiri

(HVS) cyclin as bait (Laman et al, 2001). A single clone

encoding aa 129–393 of Fbxo7 fused with Gal4 activation

domain (GAD) was isolated (Figure 1A). The specificity of

Fbxo7 interaction with HVS cyclin was tested by assaying for
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Figure 1 (A) Schematic diagram of Fbxo7, with F box motif (black), proline-rich domain (medium gray) and Ubl motif (light gray). Sequences
contained within pGAD-Fbxo7 are indicated. (B) pGAD-Fbxo7 interacted specifically with pGBD-HVS cyclin. Yeast were grown on media
selecting for the plasmids (SC-ura-leu) and on media selecting for activation of reporter genes (SC-ura-leu-his-ade). (C) Western blot of
T7-Fbxo7(129–398) detected in anti-flag immunoprecipitates of D cyclins, but not cyclins E and A (bottom panels). Western blot of cdk2 is
shown as a control for equivalent immunoprecipitation of these cyclins. (D) Fbxo7 co-immunoprecipitated with D cyclins, but not cyclins E or
A. Western blots of cyclins D2 and D3 (middle), and cdk2 (bottom) shown as controls for cyclin immunoprecipitation. (E) Fbxo7 was detected
in immunoprecipitates of cdk6, but not cdk4 or cdk2. Western blots for cdk subunits are shown below.
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activation of the HIS3 and ADE2 reporter genes. Yeast co-

transformed with pGBD-HVS cyclin and pGAD-Fbxo7 grew

on media lacking histidine and adenine. Yeast co-transformed

with either pGBD or pGBD-cyclin E and pGAD-Fbxo7 as well

as yeast co-transformed with pGBD-HVS cyclin and pGAD-

SV40 large T antigen were unable to grow on media lacking

histidine and adenine, indicating no activation of the reporter

genes (Figure 1B). These data argue for the specificity of the

interaction of viral cyclin with Fbxo7.

Fbxo7 interacted with viral and cellular D cyclins

and specifically with cdk6

To extend this finding to mammalian cells and to cellular

cyclins, U2OS cells were co-transfected with a T7-Fbxo7(129–

398) clone and flag-HVS cyclin, cyclin D1 or D3. Both

D cyclins and HVS cyclin co-immunoprecipitated with

Fbxo7(129–398) (Figure 1C). Immunoprecipitations of

cyclins E and A were also tested. Although cdk2 interacted

with both cyclins, Fbxo7 did not. These data demonstrated

that Fbxo7 interacted with D cyclins in human cells. In

addition, these data indicated that aa 1–128 and 399–522 of

Fbxo7 were dispensable for in vivo interaction.

This interaction was further investigated by immunopreci-

pitating endogenous cyclins from U2OS cell lysates and

assaying for endogenous Fbxo7 using an antibody against

its C-terminus. In co-immunoprecipitation experiments, D

cyclins interacted with Fbxo7, while cyclins E and A inter-

acted with cdk2, but not Fbxo7 (Figure 1D). Thus, Fbxo7

interacted in vivo specifically with D cyclins at their endo-

genous levels of expression.

D cyclins activate several cdks (2, 4 and 6) with which

Fbxo7 might also interact. To test whether Fbxo7 interacted

with a particular cdk, immunoprecipitations were performed

with antibodies to endogenous cdks. Western blots for Fbxo7

showed specific co-immunoprecipitation of Fbxo7 with cdk6,

but not with cdk2 or cdk4 (Figure 1E). Thus, Fbxo7 distin-

guished among the cdks to interact specifically with cdk6.

To determine whether the cyclin, cdk or both subunits

interacted directly with Fbxo7, in vitro binding assays were

performed. GST-D cyclins or GST-cdks were bacterially ex-

pressed and purified (Figure 2A), and equivalent amounts of

GST proteins were used in binding assays where Fbxo7 was

in vitro transcribed and translated in reticulocyte lysates.

Fbxo7 showed a strong interaction with GST-cdk6 fusion

protein, but not with GST alone or GST fusions to cyclin

D1, cyclin D3 or cdk4 (Figure 2B), indicating that Fbxo7

bound directly to cdk6 in vitro.

Fbxo7 facilitated cyclin D association with cdk6

specifically

Fbxo7 has previously been identified in screens for proteins

with F box domains, which bind Skp1 (Cenciarelli et al, 1999;

Winston et al, 1999; Ilyin et al, 2000). The presence of this

motif suggests that this protein is a component of an SCF-E3

ubiquitin ligase. We also tested whether Fbxo7 interacted

with components of these ligases. A construct encoding flag-

Fbxo7 was co-transfected with T7-Rbx1 into U2OS cells.

Among the proteins detected in flag immunoprecipitates of

the cell lysates were T7-Rbx1 and endogenous Skp1

(Figure 2C), suggesting that Fbxo7 formed part of an SCF-

E3 ubiquitin ligase in vivo.

In addition to the F box motif and proline-rich domains,

analysis of the primary sequence also revealed an N-terminal

ubiquitin-like (Ubl) domain spanning aa 1–80 (Figure 1A).

Database searches for human Fbxo7 homologs identified

other F box proteins, Fbxo9 and Fbxo11, with homology to

Fbxo7, but only within the F box domain (data not shown).

Fbxo7 homologs were identified in other vertebrate organ-

isms (Supplementary Figure 1). In addition, Arabidopsis

thaliana has two and Oryza sativa has three partial homologs

to Fbxo7, which lack Ubl domains (data not shown).

However, none were found in Caenorhabditis elegans,

Drosophila melanogaster or Saccharomyces cerevisiae.

The interaction of Fbxo7 with components of E3 ubiquitin

ligases as well as D cyclins and cdk6 suggested that Fbxo7

may ubiquitinate these proteins. One consequence of this

modification is ubiquitin-mediated degradation by the 26S

proteasome. If this were the case, then reducing Fbxo7 levels

should increase the abundance of D cyclins or cdk6. To

investigate this, Fbxo7 levels were reduced by transfecting

double-stranded RNA (dsRNA) targeting the mRNA. Western

blots of lysate from cells transfected with dsRNA against

Fbxo7 showed that Fbxo7 levels were reduced 490% as

compared to lysates transfected with a nonsilencing control

(Figure 2D). The correlative effects on other cell cycle reg-

ulators were also investigated. There was a small decrease in

the amount of cdk6; however, cdk4 and D cyclin levels were

unchanged. In addition, the levels of p21 and p27 proteins,

which interact with cyclin D/cdk complexes, were reduced

(Figure 2D). As a decrease in Fbxo7 levels did not correlate

with increased levels of D cyclins or cdk6, these data argue

against a role for Fbxo7 in facilitating their ubiquitin-

mediated degradation. Instead, Fbxo7 knockdown correlated

with a reduction in assembly factors for D cyclin/cdk com-

plexes, suggesting that Fbxo7 might positively regulate them.

To begin to address this, the abundance of D cyclin/cdk6

complexes when Fbxo7 protein levels were reduced was

tested. dsRNA was transfected into U2OS cells as above,

lysates were immunoprecipitated with antibodies to cdk6,

and the amount of cyclin D1 was assayed by Western

blotting. In immunoprecipitates of equivalent amounts of

cdk6, cyclin D1 levels were substantially reduced when

Fbxo7 protein was decreased (Figure 2E). Thus, levels of

endogenous cyclin D1/cdk6 complexes correlated with

Fbxo7 abundance.

We assessed the ability of D cyclins to assemble de novo

with cdk6, when Fbxo7 was reduced. A schematic of these

experiments is outlined in Figure 2F. After Fbxo7 knockdown,

flag-cyclin D3 was introduced. Flag immunoprecipitates from

these cell lysates were assayed for associated cdks. Cyclin

D3 co-immunoprecipitated cdk4 and cdk6. However, when

Fbxo7 levels were reduced, there was a marked and specific

reduction in the levels of associated cdk6. The amount of

cdk4 associated with cyclin D3 was not affected (Figure 2G).

The effect of decreasing Fbxo7 levels on cell cycle was

assayed by measuring BrdU incorporation. No change of

cell cycle parameters was seen in cells with reduced Fbxo7

compared to endogenous levels (Figure 2H). Thus, decreased

D cyclin/cdk6 complexes were not a consequence of cell

cycle perturbation resulting from reduced Fbxo7, and also

decreasing Fbxo7 did not alter cell cycle progression.

Knockdown of Fbxo7 correlated with reduced levels of

p27, and to a lesser extent p21. These proteins potentiate
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Figure 2 (A) Coomassie staining of an SDS–PAGE gel showing GST fusion proteins to cyclin and cdk subunits. (B) GST-cdk6, but not GST, GST-
cyclin D1/D3 or GST-cdk4, bound in vitro-translated Fbxo7 protein. (C) Western blots for Skp1 and T7 of anti-flag immunoprecipitates of
lysates of U2OS cells cotransfected with flag-Fbxo7 and T7-Rbx1. (D) Western blots for cell cycle proteins of lysates from cells transfected with
control (C) or Fbxo7 (F) dsRNA. (E) Western blots of anti-cdk6 or isotype control (iso) immunoprecipitates for cdk6 and cyclin D1 from cells
with endogenous or reduced Fbxo7. (F) Timeline of de novo association experiments conducted in panel G and Figure 3E. (G) Western blots for
cdks and flag of anti-flag immunoprecipitates from cells with endogenous or reduced Fbxo7. Western blots of total lysates for Fbxo7 are shown.
* indicates a nonspecific band used as an internal loading control. (H) FACS analysis of BrdU incorporation by control (C) or Fbxo7 (F) dsRNA-
treated cells stained with FITC-conjugated anti-BrdU antibodies (FL1-H) and propidium iodide (FL3-H).

Fbxo7 transforms via cyclin D/cdk6
H Laman et al

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 17 | 2005 3107



cyclin D/cdk complexes by several mechanisms: facilitating

their stabilization, nuclear import and nuclear retention of

cyclin D/cdk complexes (LaBaer et al, 1997; Cheng et al,

1999; Alt et al, 2002). To determine if Fbxo7 also interacted

with p21 and p27, cells were transfected with Fbxo7 and

lysates were immunoprecipitated with antibodies to p21 and

p27 and assayed for Fbxo7. Fbxo7 was detected in immuno-

precipitates of p27, but not p21 (Figure 3A), demonstrating

that Fbxo7 interacted in vivo with this positive regulator for

cyclin D/cdk complexes.

To determine whether p27 interacted directly with Fbxo7,

in vitro binding assays were performed in an identical

manner as in Figure 2B. GST fusion proteins to p27, p27

N-terminus (aa 1–91) and p27 C-terminus (aa 107–198) were

used in binding assays with in vitro-translated Fbxo7. Fbxo7

bound GST-p27 N-terminus with an efficiency equivalent to

its binding to GST-cdk6 (Figure 3B). Together, these data

provide evidence that Fbxo7 interacted with D cyclins, cdk6

and p27 in vivo and with GST-cdk6 and GST-p27 N-terminus

in binding assays.
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Figure 3 (A) Western blots for T7-Fbxo7, p21 and p27 in anti-p21 and p27 immunoprecipitates from lysates of T7-Fbxo7-transfected cells.
(B) GST-cdk6 and GST-p27(N-term) interacted with in vitro-transcribed and -translated Fbxo7. (C) Western blot for cdk6 in binding assays using
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Fbxo7 with p27 facilitated cyclin D3/cdk6 binding

in vitro

Fbxo7 interacted with proteins, which together form an active

complex in vivo, suggesting that Fbxo7 might function to

assemble a ternary complex. To test this hypothesis directly,

in vitro binding assays were performed using p27 and Fbxo7

to promote the interaction of cdk6 with GST-D cyclins. As

seen in Figure 3C, GST-cyclin D1 did not bind to cdk6 alone,

but p27 greatly increased their association. The presence of

Fbxo7 alone or in combination with p27 did not further

enhance GST-cyclin D1 binding to cdk6, arguing against

Fbxo7 functioning as an assembly factor for cyclin D1/cdk6

complexes. In contrast to GST-cyclin D1, GST-cyclin D3

interacted directly with cdk6 in the absence of p27 and

Fbxo7. The addition of neither protein increased its binding.

In fact, Fbxo7 slightly inhibited GST-cyclin D3 binding to

cdk6. However, when cdk6, p27 and Fbxo7 were present

together, there was a synergistic increase in the amount of

cdk6 bound by GST-cyclin D3. These data argue that D cyclins

differ in their capacity to associate with cdk6, and further-

more that cyclin D3, but not cyclin D1, is sensitive to the

presence of Fbxo7 for in vitro binding to cdk6.

p21/p27 were not required for Fbxo7 function in vivo

Binding assays indicated Fbxo7 required p27 to stimulate

cdk6 association with cyclin D3, while p27 was essential for

cdk6 binding to cyclin D1. Although p21 and p27 potentiate

D-cyclin/cdk complexes both in vivo and in vitro, their

activity is not essential for cyclin D/cdk activity in vivo,

suggesting that other cofactors function in their absence

(Cheng et al, 1999; Sugimoto et al, 2002; Bagui et al, 2003).

To test whether Fbxo7 required p21/p27 to enhance cdk6

activity in vivo, p21�/�p27�/� MEFs were infected with

retroviruses encoding either Fbxo7 or empty vector. In vitro

kinase assays were performed on anti-cdk immunoprecipi-

tates using pRb as a substrate. It has been previously reported

that p21�/�p27�/� cells have substantially reduced cyclin D/

cdk activity (Sugimoto et al, 2002; Bagui et al, 2003), which

we also observed (data not shown). However, p21�/�p27�/�/

Fbxo7 MEFs had an B15% increase in cdk6 activity over

p21�/�p27�/�/vec MEFs, although they had similar levels

of cdk4 activity (Figure 3D). These data indicated that

Fbxo7 increased cdk6 activity specifically in the absence of

p21/p27.

The viral cyclins preferentially form complexes with cdk6,

and do not bind p21 or p27 (Swanton et al, 1997). To

determine whether viral cyclin association with cdk6

was dependent on Fbxo7, HVS cyclin was tested for its

de novo association with cdk6 in an identical manner as in

Figure 2G. HVS cyclin co-immunoprecipitated cdk6; how-

ever, the amount was substantially reduced when Fbxo7

was decreased (Figure 3E), indicating that Fbxo7 enhanced

viral cyclin association with cdk6. These data suggest that

Fbxo7 had a facilitating role in cyclin/cdk6 association,

which is independent of p21/p27 activity in vivo.

Fbxo7 is exported from the nucleus and located

predominantly in the cytoplasm

Individual cyclin and cdk subunits are present in excess in the

cytoplasm, where complex assembly is thought to occur. As

the data suggest that Fbxo7 can promote cyclin/cdk associa-

tion, the subcellular localization of Fbxo7 was investigated.

Asynchronous U2OS cells were fractionated into nuclear and

cytoplasmic compartments, and the extracts were assayed by

Western blotting for D cyclins, cdks and Fbxo7. The pre-

dominant localization of endogenous Fbxo7, D cyclin and cdk

subunits was in the cytoplasm (Figure 3F). In addition, when

Fbxo7 was overexpressed by transient transfection, the exo-

genous protein was present in the cytoplasm, with small

amounts being detected in the nucleus. Notably, the sub-

cellular localization of the D cyclins and cdk subunits was

not dramatically altered when Fbxo7 was overexpressed

(Figure 3F). As these data suggested that Fbxo7 could be

localized to the nucleus, a fusion of dsRED to Fbxo7 was

created and transfected into U2OS cells. When asynchronous

cells were visualized by confocal fluorescence microscopy,

dsRED-Fbxo7 was localized exclusively to the cytoplasm in

all cells observed. However, when cells were treated with

leptomycin B, an inhibitor of nuclear export, dsRED-Fbxo7

was detected in the nucleus (Figure 3G). This suggested that

nuclear Fbxo7 was actively exported by a Crm1-dependent

mechanism.

Fbxo7 expression in murine fibroblasts enhanced cyclin

D/cdk6 activity

Since Fbxo7 specifically affected cyclin D/cdk6 complexes,

the effect of its overexpression on cyclin D/cdk6 activity and

its activity in a transformation model were tested. NIH3T3

cells were engineered to stably overexpress T7-Fbxo7. Clonal

and polyclonal 3T3/Fbxo7 and 3T3/vector cell lines were

created, and both polyclonal and clonal cell lines behaved

similarly in all assays. Fbxo7 expression was tested by

Western blotting for T7. Cdk4 and cdk6 levels were also

tested and found not to be significantly altered (Figure 4A).

Endogenous cdk activity was next investigated. Cdk4 and

cdk6 were immunoprecipitated from lysates of 3T3/vec or

3T3/Fbxo7 cells and tested in in vitro kinase assays against

a pRb substrate. Quantification of 32P incorporation showed

that cdk6 activity was 36.3% higher in 3T3/Fbxo7 cells

compared to the control, while the amount of cdk4 activity

was 2.2% greater (Figure 4B). Increased cdk6 activity corre-

lated with increased E2F activity, as determined by E2F-

luciferase reporter assays. 3T3/Fbxo7 cells had an average

of 2.3-fold higher activity than 3T3/vec cells (data not

shown). Gene expression microarray analysis showed that

E2F-regulated genes, including cyclin E, E2F1, mcm7, thymi-

dylate synthase, ribonucleotide reductase M2, were signifi-

cantly upregulated in 3T3/Fbxo7 cells (Figure 4C). Levels

of D cyclin/cdk4 and D cyclin/cdk6 complexes were also

assayed. 3T3/vec or 3T3/Fbxo7 cells were cotransfected with

either flag-cyclin D1 or D3 with cdk4 or cdk6. In 3T3/vec

cells, cyclin D1 associated almost exclusively with cdk4,

while cyclin D3 bound cdk4 and cdk6 (Figure 4D). In 3T3/

Fbxo7 cells, greater amounts of cdk6 associated with both

cyclin D1 and cyclin D3, while the levels of associated cdk4

remained unchanged. Thus, Fbxo7 expression specifically

increased levels of D cyclin/cdk6 complexes, but no specifi-

city for a particular D cyclin was observed. These data

confirmed that Fbxo7 has a positive effect on cyclin D/cdk6

complex levels and activity.

The data suggest that Fbxo7 cells have increased cyclin

D/cdk6 activity, which is downstream of extracellular growth

signaling. To determine whether increased Fbxo7 expression

could substitute for the presence of external growth factors,
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3T3/vec and 3T3/Fbxo7 cells were cultured in media with

reduced serum (0.5%). In contrast to 3T3/vec cells, which

withdrew from the cell cycle, as measured by BrdU incor-

poration (data not shown), 3T3/Fbxo7 cells became rounded

and detached from the culture dish. To investigate if this was

due to apoptosis, cells were stained with annexin V, an early

marker for apoptosis, and propidium iodide. As seen in

Figure 4E, in media with reduced serum, 10.81% of 3T3/

Fbxo7 cells, compared to 1.34% of 3T3/vec cells, stained

with annexin V but not propidium iodide, indicating that

these cells were in the early stages of apoptosis. Overall, only

16.5% of 3T3/Fbxo7 cells were viable, compared to 88.2%

of 3T3/vec cells after 72 h in reduced serum. Thus, Fbxo7

expression did not allow continued cell cycle progression,

when growth factors were withdrawn, but rather resulted in

apoptosis.
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Figure 4 (A) Western analysis for T7-Fbxo7 and cdks in lysates from 3T3/vec or 3T3/Fbxo7 cells. (B) A representative result of an in vitro
kinase assay of anti-cdk immunoprecipitates from 3T3/vec or 3T3/Fbxo7 cells using pRb as substrate. The average percent increase from three
trials is noted. (C) Heat maps of E2F-regulated genes from GEM analysis of 3T3/vec and 3T3/Fbxo7 cells. Arrays were performed in triplicate.
Red shows increased and blue decreased relative expression. (D) Western blots of flag and cdk subunits in anti-flag cyclin immunoprecipitates
from 3T3/vec and 3T3/Fbxo7 cells. (E) FACS analysis on serum-starved 3T3/vec and 3T3Fbxo7 cells stained with FITC-conjugated antibodies
to annexin V (FL1-H) and propidium iodide (FL3-H).
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Fbxo7 expression transformed murine fibroblasts

We next investigated whether 3T3/Fbxo7 cells had trans-

formed phenotypes. 3T3/vec or 3T3/Fbxo7 cells were tested

for anchorage-independent growth by seeding into soft agar.

Results from a representative experiment are shown in

Figure 5A, where five-fold more colonies grew from 3T3/

Fbxo7 cells compared to 3T3/vec cells. Fbxo7-expressing

cells were also tested in a tumor formation assay. Two inocula

of either 3T3/vec or 3T3/Fbxo7 cells were injected subcuta-

neously into the flanks of athymic nude mice. All eight sites

inoculated with 3T3/Fbxo7 cells developed tumors, with a

mean size of approximately 258 mm2 (Figure 5B). One of the

eight sites inoculated with 3T3/vec cells developed a tumor,

which did not grow 41 mm2. Tumors derived from 3T3/

Fbxo7 cells were histologically fibrosarcomas, and analysis

by immunostaining of tissues showed them staining strongly

positive for Fbxo7 (Figure 5C).

When visualized by light microscopy, 3T3/Fbxo7 cells had

fewer lamellipodia and many filamentous projections (data

not shown). This morphological change was investigated by

observing the actin cytoskeleton using rhodamine conju-

gated-phalloidin. 3T3/Fbxo7 cells had fewer stress fibers

and a disorganized actin cytoskeleton compared to 3T3/vec

cells (Figure 5D). Because of these changes, the ability of cells

to invade a reconstituted extracellular matrix (ECM) was

tested. Invasive cells migrated through ECM and adhered to

the underside of a supporting membrane, which was stained

to visualize the cells. Whereas parental NIH3T3 cells and

3T3/vec cells were non-invasive, 3T3/Fbxo7 cells invaded

the ECM. H1299 cells were used as a positive control

(Figure 5E). Thus, Fbxo7 expression conferred transformed

properties to NIH3T3 cells.

Requirements for Fbxo7-mediated transformation

Fbxo7 has motifs indicative of a role in the ubiquitin–protea-

some pathway, which may be required for its transforming

activity. In order to test this, a mutant truncating the

N-terminal 129 aa, which includes the Ubl domain, was

created, Fbxo7(129–522), and this construct was used to

engineer an NIH3T3 cell line, 3T3/Fbxo7D129. Expression

of Fbxo7(129–522) was confirmed by immunoblotting for

Fbxo7 (Figure 6A). When compared to the vector cell line,

3T3/Fbxo7D129 cells invaded an ECM (Figure 6B) and grew

as colonies in soft agar (Figure 6C), indicating that expression

of Fbxo7D129 allowed anchorage-independent growth. These

data indicate that the Ubl domain within the N-terminus was

dispensable for the transforming activity of Fbxo7.

To test the requirement for the ubiquitin ligase function

in transformation, a mutant of Fbxo7 deleting aa 335–367

(Fbxo7DFbox) was engineered. This mutant did not bind

Skp1 in vivo (data not shown). An NIH3T3 cell line was

created and expression of Fbxo7DFbox in cells was verified

by immunoblotting for Fbxo7 (Figure 6D). Invasion assays

indicated that the capacity of 3T3/Fbxo7DFbox cells to

invade ECM was reduced relative to 3T3/Fbxo7 cells

(Figure 6E). In addition, the ability of 3T3/Fbxo7DFbox
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Figure 5 (A) Images of colony growth in soft agar assays (top) and graph of colony number formed by 3T3/vec and 3T3/Fbxo7 cells (bottom).
(B) Tumor formation assay with 3T3/vec and 3T3/Fbxo7 cells. (C) Images of tumors from 3T3/Fbxo7 cells stained for histology with
hematoxylin and eosin (H&E), and immunohistochemistry for Fbxo7. (D) Images from confocal fluorescence microscopy of cells stained with
rhodamine-conjugated phalloidin. 3T3/Fbxo7 cells had disorganized F-actin and fewer stress fibers (indicated by white arrows). (E) Images of
ECM invasion assays where invasive cells stain violet.
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cells to grow colonies in soft agar was also reduced 44%

compared to wild-type Fbxo7 (P-value¼ 0.0063) (Figure 6F).

Thus, 3T3/Fbxo7DFbox cells had a less transformed pheno-

type, which indicated that the F box domain contributed

significantly to the transforming capacity of Fbxo7.

While the presence of the F box domain augmented Fbxo7

transformation, 3T3/Fbxo7DFbox cells were also trans-

formed. The previous data suggested that Fbxo7 transformed

cells through its effects on cyclin D/cdk6 complexes. To test

whether the F box was required for cdk6 interaction, U2OS
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Figure 6 (A) Western blot for Fbxo7(129–522) expression in NIH3T3 cells. (B) Images from ECM invasion assays with 3T3/Fbxo7D129 cells.
(C) Graph of colony number formed by 3T3/vec and 3T3/Fbxo7D129 cells in soft agar assay. (D) Western blot for Fbxo7DFbox expression
in NIH3T3 cells. (E) Images from ECM invasion assays with 3T3/Fbxo7DFbox cells. (F) Graph of colony number for 3T3/Fbxo7DFbox cells in
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cells were transfected with T7-Fbxo7 and T7-Fbxo7DFbox.

Lysates from these cells were immunoprecipitated with anti-

bodies to cdk6 and analyzed for Fbxo7. Both the full length

and Fbxo7(DFbox) were present in immunoprecipitates of

cdk6 (Figure 6G), indicating that the F box domain was

dispensable for interaction with cdk6.

Knockdown of cdk6 reversed Fbxo7-mediated

transformation

In order to test whether Fbxo7-mediated transformation was

dependent on cdk6, siRNA was used to knock down cdk6

levels. A short hairpin construct with sequences targeting

murine cdk6 was cloned into pRETROSUPER (pRS) to create

pRS-cdk6. Retroviruses were used to infect 3T3/vec and 3T3/

Fbxo7 cells and polyclonal cell lines were assayed for the

expression of cdk6. Infection with pRS-cdk6 retroviruses

caused a substantial reduction in cdk6 levels (Figure 6H).

To test whether the invasive capacity of Fbxo7-expressing

cells was dependent on cdk6, 3T3/vec/pRS, 3T3/vec/pRS-

cdk6, 3T3/Fbxo7/pRS and 3T3/Fbxo7/pRS-cdk6 cells were

seeded into ECM invasion chambers. Reduction of cdk6 levels

ablated the invasiveness of 3T3/Fbxo7 cells (Figure 6I). In

addition, when tested for anchorage-independent growth,

fewer colonies grew when 3T3/Fbxo7/pRS-cdk6 cells were

seeded in soft agar compared to 3T3/Fbxo7/pRS cells

(Figure 6J). Neither 3T3/vec/pRS cells nor 3T3/vec/pRS-

cdk6 cells formed colonies in soft agar. These data indicated

that the transformed phenotypes resulting from the expres-

sion of Fbxo7 were dependent on cdk6, and implicated Fbxo7

and cdk6 as regulators of transformation and invasiveness.

Fbxo7 was expressed in tumors of the lung and colon

To begin to address a proto-oncogenic role for Fbxo7 in

human cancers, its expression in epithelial tumors was

assessed by comparing normal and cancerous sections from

lung and colon on a multiple tumor tissue array. Fbxo7 was

not detected in normal tissues of the colon (n¼ 4) and lung

(n¼ 7), but was highly expressed in all cases of colorectal

adenocarcinoma (n¼ 40) and lung cancer (squamous cell

carcinoma and adenocarcinoma; n¼ 49) tested (Figure 7A

and B). In addition, the subcellular localization of Fbxo7 was

cytoplasmic in 10% of colon cancers and 65% of lung

cancers, but both nuclear and cytoplasmic in 90% and 35%

of these samples, respectively. These data demonstrate that

Fbxo7 was expressed in tumors of epithelial lineages, but not

in the corresponding normal tissues, and suggested that

Fbxo7 expression and localization might be deregulated in

tumors.

Discussion

The data presented here provide evidence that Fbxo7, an F

box domain containing protein, interacts with and positively

regulates cell cycle proteins. Several lines of evidence support

the interaction of Fbxo7 with D cyclins, cdk6 and p27,

including yeast two-hybrid data, in vivo co-immunoprecipita-

tion assays and in vitro binding assays. This interaction was

discovered by virtue of an interaction with a viral cyclin in

a yeast two-hybrid screen (Figure 1B). In binding assays,

Fbxo7 interacted directly with cdk6, but not with cyclins

(Figure 2B), suggesting that for Fbxo7 to be cloned in the

Normal lung Lung squamous cell carcinoma

Normal colon Colon adenocarcinoma

32 cytoplasmic
17 nuclear/cytoplasmic
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36 nuclear/cytoplasmic
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B

Figure 7 (A) Images of immunohistochemistry for Fbxo7 on normal lung tissue and biopsies from lung cancers. Brown color indicates Fbxo7
staining, and hematoxylin counterstaining for nuclei is blue. Scoring of subcellular localization of Fbxo7 is summarized. (B) Images of
immunohistochemistry for Fbxo7 in normal colon and in malignancies of the colon. Staining and analysis are as above.
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yeast two-hybrid screen, the viral cyclin recruited endo-

genous Cdc28 kinase, which bridged the interaction.

Other proteins cloned in this screen include the cyclin/cdk

assembly factor, Sei1 (our unpublished results) and cdk

substrates, like Orc1 (Laman et al, 2001), also suggesting

that viral cyclin/Cdc28 complexes might mediate these inter-

actions.

Although cloned by HVS cyclin, Fbxo7 also interacted with

cellular D cyclins, and specifically with cdk6. The specificity

of Fbxo7 for cdk6 is surprising, as cdk4 and cdk6 are

homologous. In addition, Fbxo7 also interacted in vivo and

in vitro with p27. Fbxo7 interaction with three components of

active kinases suggested that it might act as an assembly

factor. Fbxo7 did not facilitate cyclin D1/cdk6 binding nor

did Fbxo7 alone facilitate cyclin D3/cdk6 binding in vitro;

however, in the presence of p27 and Fbxo7, cyclin D3

bound increased amounts of cdk6, while cyclin D1 was

unaffected (Figure 3C). Possible mechanisms for Fbxo7 are

that it acts as a scaffold or chaperone to fold or stabilize

cyclin D3/cdk6/p27 complexes, at this stage of cdk6 activa-

tion. Interestingly, cyclin D1 and cyclin D3 differed in cdk6

binding, suggesting that their assembly is based on different

affinities for the cdks and the availability of and sensitivity to

different cofactors.

Although p27 was necessary for Fbxo7 to increase cyclin

D3/cdk6 association in vitro (Figure 3C), Fbxo7 increased

cdk6 activity in the absence of p21/p27 in vivo (Figure 3D).

The presence of other proteins (like p57, Hsc70, Cdc37) may

substitute for p21/p27 assembly in vivo or may indicate that

Fbxo7 has additional mechanisms to increase cdk6 activity

other than promoting complex assembly. For example, cyclin

D1/cdk6 binding was insensitive to Fbxo7 in vitro

(Figure 3C); however, cyclin D1/cdk6 levels were sensitive

to Fbxo7 levels in vivo (Figure 2E). Additional mechanisms

like increasing nuclear concentrations of D cyclin/cdk6 or

increasing the half-life of cyclin D/cdk6/p27 proteins are

being investigated.

The ability of Fbxo7 to stimulate cyclin D/cdk6 activity is

supported by the fact that knockdown of the protein resulted

in decreased cyclin D/cdk6 complexes and impaired de novo

assembly of viral and D cyclins with cdk6. Conversely, over-

expression of Fbxo7 increased cyclin D/cdk6 activity and E2F

activation and enhanced the assembly of D cyclins specifi-

cally with cdk6. Increasing the activity of known proto-

oncogenes suggests that Fbxo7 may itself function as a

proto-oncogene. This was tested by showing that its expres-

sion transformed NIH3T3 cells, which became invasive and

formed tumors in nude mice (Figure 5B and D). Importantly,

these phenotypes were reversed by reducing cdk6 levels,

supporting the idea that Fbxo7 transformation is due to its

effects on cdk6 (Figure 6I and J). Moreover, Fbxo7 levels were

highly elevated in human lung and colon cancer biopsies

when compared to the normal tissues (Figure 7A and B). The

role of Fbxo7 in initiating or maintaining the growth of

human tumor cells is currently being investigated, as is its

potential use as a prognostic factor. The ubiquitin ligase

function of Fbxo7 contributed to, but was not required for,

transformation. We speculate that other proteins ubiquiti-

nated by Fbxo7 will be linked in their regulation with cdk6

activity. Thus, Fbxo7 would coordinate ubiquitination of

substrates with entry into the cell cycle and act as a platform

to relay or partition extracellular signals.

Materials and methods

Cell culture
Human osteosarcoma (U2OS) and murine fibroblast (NIH3T3) cell
lines were obtained from Cancer Research UK (LRI Cell Production).
p21�/�p27�/� MEFs were obtained from C Sherr and J Roberts.
Cells were grown in DMEM supplemented with 10% fetal calf
serum (Helena Biosciences), 2 mM glutamine, 100 U/ml penicillin
and streptomycin, at 371C in a humidified 5% CO2 atmosphere.
Cells were seeded the day before transfection using Fugene (Cat.
#1814443, Roche). NIH3T3-derived cell lines were made by
transfection and p21�/�p27�/� cell lines by retroviral infection
with Fbxo7 constructs and selection in media containing 600 mg/ml
of G418 sulfate (Cat. #11811-064, Gibco), and screened for
expression by RT–PCR and Western blot. Anchorage-independent
growth was assayed by soft agar assays, as previously described
(Radkov et al, 2000). Cell lines were stained with rhodamine-
conjugated phalloidin (Molecular Probes), and visualized by
confocal fluorescence microscopy. Invasion assays (Cat.
#ECM550, Chemicon International) were performed in triplicate
as per the manufacturer’s protocol. For tumor formation assays,
5�106 3T3/vec or 3T3/Fbxo7 cells were injected subcutaneously
into 6-week-old athymic nude mice. At 20 days post-infection (p.i.),
tumors were noted, and at 30 days p.i., both groups were culled.

DNA and siRNA
The pGAD-Fbxo7 clone contained bp 384–1143 of Fbxo7. The 30

sequences were amplified from a plasmid, received from J Harper,
that contained bp 715–1569. 50sequences were amplified from a
HeLa cDNA library. A full-length Fbxo7 clone was constructed by
three-way ligation into pcDNA3 (Invitrogen), modified with either
flag or T7 epitope.

dsRNA against Fbxo7 (bp 129–149) and control dsRNA (Cat.
#80-11310-A) were purchased from Xeragon, and transfected with
Effectene (Qiagen). A hairpin sequence against murine cdk6 (50-
GACTTGACCACTTACTTGG-30) was cloned into pRS (Brummelkamp
et al, 2002). Retroviruses with vector or CDK6-4 were infected into
NIH3T3 cell lines with 2 mg/ml puromycin selection to create stable
knockdowns of cdk6.

In vivo and in vitro interaction assays
GST fusion proteins were made by cloning cyclin D1, D3, cdk4 and
cdk6 in pGEX(KG) (Stratagene). GST-p27 proteins were from D
Mann. Proteins were purified on a GST resin. In vitro binding assays
were performed with equivalent amounts of GST proteins as
previously described (Jimenez et al, 1999). Immunoprecipitations
for cell cycle proteins that associated with Fbxo7 were performed
according to a method that has been previously described (Diehl
et al, 1997), and immunoprecipitations for cyclin D/cdk complexes
were as previously described (Mann et al, 1999). In vitro kinase
assays with immunoprecipitated cdks, using pRb as a substrate,
were performed in triplicate as previously described (Laman et al,
2001). 32P incorporation was quantified using a Cyclone phosphoi-
mager. The following antibodies were used for immunoprecipita-
tion or Western blotting: cdk2 (SC163), cdk4 (SC260), cdk6
(SC177), cyclin D3 (SC182), cyclin A (SC751), PCNA (SC56) and
cyclin D1 (SC246) (Santa Cruz Biotechnology Inc.); HA (12CA5)
and cyclin D1 (287.4) (RMAS, Cancer Research UK); flag (F3165,
Sigma); T7 (Cat. #69522-3, Novagen). Anti-rabbit IgG and anti-
mouse IgG antibodies conjugated to horseradish peroxidase were
from Santa Cruz Biotechnology Inc. and Jackson ImmunoResearch
Laboratories. The polyclonal antibody against the C-terminus of
Fbxo7 was made by RMAS, Cancer Research UK. Tissue immunos-
taining using the Fbxo7 antibody (1/400) on paraffin-embedded
sections was performed as previously described (Ye et al, 2000).
Multiple tumor tissue array slides were obtained from the
Cooperative Human Tissue Network and the Tissue Array Research
Program (TARP) of the National Cancer Institute, National Institutes
of Health, Bethesda, MD.

Gene expression microarrays
Quality and amount of starting RNA was confirmed using an Agilent
Bioanalyser. A 10mg portion of total RNA from 3T3/vec and clonal
3T3/Fbxo7 cell lines was used to generate first-strand cDNA using
a T7-oligo(dT) primer. After second-strand synthesis, in vitro
transcription was performed with biotinylated UTP and CTP (Enzo
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Diagnostics), resulting in B100-fold amplification. Target cDNAs
were processed according to the manufacturer’s protocol using an
Affymetrix GeneChip Instrument System. Spike controls were added
to 20 mg fragmented cRNA before overnight hybridization on mouse
430A arrays. Arrays were stained with streptavidin–phycoerythrin
and scanned on an Affymetrix GeneChip scanner. The 30/50 ratios
for GAPDH were confirmed within acceptable limits, and BioB spike
controls were present, with BioC, BioD and CreX present in
increasing intensity. RMA log expression units (Irizarry et al,
2003) were calculated from Affymetrix GeneChip array data using
the Bioconductor software suite (www.bioconductor.org) for the
R statistical programming language (www.r-project.org). Heat
maps were generated using Treeview from http://rana.lbl.gov/
EisenSoftware.htm. Differences between independent samples were
identified by t-test, and P-values adjusted to take account of
multiple testing error using the Benjamini and Yuketieli algorithm
(Benjamini and Yekutieli, 2001) implemented within Bioconductor

(the multitest package). Significance was accepted at 0.05. Data sets
were deposited with MIAMExpress, European Bioinformatics
Institute (accession number E-MEXP-369).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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