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Simian virus 40 large T antigen (TAg) is a viral oncoprotein that can promote cellular transformation. TAg’s
transforming activity results in part by binding and inactivating key tumor suppressors, including p53 and the
retinoblastoma protein (pRb). We have identified a TAg-associated 185-kDa protein that has significant
homology to the cullin family of E3 ubiquitin ligases. TAg binds to an SCF-like complex that contains
p185/Cul7, Rbx1, and the F box protein Fbw6. This SCF-like complex binds to an N-terminal region of TAg.
Several p185/Cul7-binding-deficient mutants of TAg were generated that retained binding to pRb and p53 and
were capable of overcoming Rb-mediated repression of E2F transcription. Despite binding to pRb and p53,
these p185/Cul7-binding-defective mutants of TAg were unable to transform primary mouse embryo fibro-
blasts. Cells expressing p185/Cul7-binding-defective mutants of TAg were unable to grow to high density or
grow in an anchorage-independent manner as determined by growth in soft agar. Considering the significance
of other TAg-interacting proteins in regulation of the cell cycle, p185/Cul7 may also regulate an important

growth control pathway.

Simian virus 40 (SV40) large tumor antigen (TAg) is a pow-
erful oncoprotein capable of transforming a variety of cell
types and inducing tumor formation in animal models. The
transforming activity of TAg is thought to be dependent, at
least in part, upon binding and inactivating certain key regu-
lators of the cell cycle, such as the tumor suppressors p53 and
pRbD as well as the pRb-related proteins p107 and p130 (1).
The study of mechanisms by which TAg inactivates and ex-
ploits the cell cycle regulatory factors has led to a better un-
derstanding of the regulation of cell cycle.

TAg binding to pRb disrupts the ability of pRb to repress the
E2F family of transcription factors. During the G, phase of the
cell cycle or under growth arrest conditions including serum
starvation, pRb is underphosphorylated and bound to specific
members of the E2F family. pRb recruits transcriptional core-
pressors to the complex, resulting in repression of promoters
that contain E2F binding sites. In response to growth signals,
pRb becomes phosphorylated in late G, and dissociates from
E2F during the S and G, phases of the cell cycle. When dis-
sociated from pRb, E2F promotes the expression of many
genes required for entry into the S phase of the cell cycle. TAg
binding to underphosphorylated pRb results in dissociation of
pRb from the E2F transcription factors and loss of pRb re-
pression. By inactivating pRb, TAg can promote entry into the
cell cycle under conditions when cells would have normally
remained in a growth-arrested state. This activity contributes
to the growth of cells in an anchorage-independent manner
and to growth under low-serum conditions. The LxCxE motif
(residues 103 to 107) of TAg contributes to pRb binding.
Mutation or deletion of the LxCxE motif disables TAg binding
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to pRb and renders TAg incapable of transformation. The
LxCxE motif of TAg also binds to the pRb-related proteins
p107 and p130 and contributes to the inactivation of their
growth-suppressing function (66, 67).

A second transforming domain of TAg is contained within
the N-terminal 82 residues and forms a Dnal domain. The
Dnal domain of TAg binds specifically to Hsc70 and stimulates
the ATPase hydrolysis activity of Hsc70. The DnaJ domain of
TAg contributes to the inactivation of the pRb family (7, 47).
The DnalJ domain cooperates with the LxCxE motif to release
pRD family members from E2F and override the repression of
E2F transcriptional activity. Mutation of the Dnal domain
reduces the ability of TAg to inactivate the growth-suppressing
activities of pRb family members. The Dnal domain of TAg
also contributes to the ability of TAg to replicate SV40 ori-
containing DNA, although the specific mechanism is not well
understood.

A third transforming domain of TAg serves to bind to the
p53 tumor suppressor. The p53 binding domain is bipartite,
formed by residues 351 to 450 and 532 to 627 (28). TAg binds
to the DNA binding domain of p53, resulting in inactivation of
p53’s ability to serve as a transcription factor (5, 16, 57). TAg
binding to p53 results in decreased expression of p53-depen-
dent genes, which contributes to growth arrest and apoptosis
(24, 50). Binding to p53 also contributes to TAg’s ability to
immortalize primary mouse embryo fibroblasts (MEFs) and
increases the life span of a variety of primary cell types (28, 49).
The combination of pRb and p53 inactivation by TAg results in
cell cycle entry and decreased sensitivity to growth arrest sig-
nals and apoptosis.

It has been suggested that in addition to inactivation of p53
and the pRb family, TAg has additional activities that contrib-
ute to transformation (10, 48). TAg binds to the coactivators
p300 and CBP and perturbs their ability to modulate transcrip-
tion. The p300/CBP binding domain of TAg overlaps with the
pS3 binding domain. Although, it has not been determined
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whether interaction with p300 and CBP contributes to TAg
transformation (3, 15). TAg has also been reported to bind to
the DNA damage response proteins Rad50, Mrel1, and Nbs1
(14, 34). However, the contribution to cellular transformation
by TAg has not been defined for these factors.

In mammalian cells, at least six cullin species have been
reported to date, including Cull, -2, -3, -4a, -4b, and -5. A
seventh member of the mammalian cullin family, Cul7, was
recently identified (2, 13). Cullins form the scaffold for multi-
subunit complexes that promote the ubiquitination of targeted
substrates (17). Cull forms a specific complex known as SCF
with Skpl and one of several F box proteins (4, 36, 38, 39). The
SCF complex with the F box protein B-TrCP (Fbwl) targets
B-catenin and IkK for ubiquitination and subsequent degrada-
tion by the proteasome (18, 25, 65). Cull can also bind to the
F box protein Skp2 that recruits the CDK inhibitor p27 and the
pRb-related protein p130 for ubiquitination and degradation
(8, 55, 58, 63). Cull also binds to Fbw7, which promotes the
degradation of cyclin E (29, 40, 51). Cullins are covalently
modified by Nedd8, a ubiquitin-like molecule that contributes
to recruitment of the RING-containing protein Rbx1/Rocl
(32, 44). Rbx1 recruits a ubiquitin-conjugating enzyme (E2) to
the SCF complex (27).

Kohrman and Imperiale first reported the association of
TAg with an unknown 185-kDa cellular protein (30). Using
various deletion constructs of TAg, they determined that the
N-terminal 121 residues of TAg contributed to p185 binding.
Field and colleagues later cloned a TAg-associated 193-kDa
protein that could bind to the N-terminal 147 residues of TAg.
They proposed that p193 contained a Bcl-2 homology domain
(BH3) that behaved as a proapoptotic factor (62). We demon-
strate that the p185 TAg-associated protein is identical to the
193-kDa previously reported TAg-associated protein and to
the recently identified Cul7. In addition, we identify specific
mutant constructs of TAg that lose binding to p185/Cul7 and
are unable to transform primary MEFs. The mutant TAgs
define a new transforming domain that is linked to p185/Cul7
binding.

MATERIALS AND METHODS

Plasmids. The TAg cDNA-expressing vectors pSG5-T, K1, H42Q, and A434-
444 have been described previously (9, 52, 66). Mutations in SV40 large TAg
were generated by PCR-based site-directed mutagenesis, cloned into pSGS5
(Stratagene), and verified by sequencing. Epitope-tagged versions of Fbw6 and
Cul7 were generated by PCR and verified by sequencing.

The luciferase promoter reporter plasmids containing 3xE2F (31) or mutant
E2F (3xmE2F) sites (41) have been described previously. Luciferase assays were
performed using the dual-luciferase reporter assay kit according to the manu-
facturer’s recommendations (Promega).

Cells. All cells were cultured in complete medium containing Dulbecco’s
modified Eagle’s medium with 10% Fetal Clone I serum (FCIS; HyClone).
Primary MEFs were prepared from 13.5-day C57BL/6 mouse embryos (Taconic)
or from Cul7/p185 knockout (—/—) mice (2). Subconfluent 10-cm plates of
MEFs, passage 2 to 5, were transfected with plasmids pSG5-TAg and pEpuro in
a 5:1 ratio (5 g of total DNA) using Plus/Lipofectamine (GIBCO) (66). Three
hours following transfection, the medium was replaced with complete medium
and then 48 h later with fresh medium containing puromycin (2 pwg/ml). The cells
were selected in the presence of puromycin for 2 to 3 weeks. Colonies were
pooled and expanded for further analysis. The retroviral construct pBABE-
puro-T containing a cDNA for large TAg was also used to express TAg in MEFs.

A2P2 cells stably expressing hemagglutinin (HA)-tagged human p185 were
generated by transfecting U2-OS cells (American Type Culture Collection) with
pcDNA3-HA-p185 and pEpuro, followed by selection in puromycin. Several
clones were obtained and selected for the highest levels of p185 expression.
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Antibodies. For inmunoprecipitation and Western blot analysis, the following
antibodies were used: for TAg, PAb419 and PAb430 (23); for p130, C-20 (Santa
Cruz); for p53, 240 (Neomarkers); for pRb, XZ55 (Neomarkers); for vinculin,
hVINT (Sigma); for ROC-1, Ab-1 (Neomarkers); and T7 tag (Novagen).

To generate a p185/Cul7 monoclonal antibody, BALB/cByJ-Rb(8.12)5Bnr
mice (JAX Research Systems) were immunized with a glutathione S-transferase
(GST) fusion protein containing the first 127 residues of human p185/Cul7.
Splenocytes were fused with NS-1 myeloma cells according to standard protocols.
The hybridoma SA12 (IgG,«) was subcloned by limiting dilution.

Protein analysis. GST fusion proteins of TAg were generated in pGEX2T and
expressed in the BL21 strain of Escherichia coli. The fusion protein was isolated
on GST-Sepharose, cleaved with thrombin, and purified by high-performance
liquid chromatography in GCB buffer (50 mM Tris HCI [pH 8.0], 200 mM NaCl,
2 mM EDTA, 10 mM B-mercaptoethanol, 1.0% Triton X-100). Approximately
10® NIH 3T3 cells (American Type Culture Collection) were lysed in EBC (50
mM Tris-HCI [pH 8.0], 120 mM NaCl, and 0.5% NP-40) containing protease
inhibitors (Calbiochem), mixed with 1.0 pg of purified T1-135, immunoprecipi-
tated with PAb419, and separated in a sodium dodecyl sulfate-6% polyacryl-
amide gel electrophoresis (SDS-PAGE). A Coomassie-stained band of 185 kDa
was analyzed at the Harvard Microchemistry Facility by tandem mass spectrom-
etry on a Finnigan LCQ quadrupole ion trap mass spectrometer.

For immunoprecipitations, cells were lysed in NET-N buffer (20 mM Tris-HCl
[pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40). Lysates were incubated in
primary antibody and 20 pl of 50% Sepharose-protein A (Pharmacia) at 4°C for
2 h. The immunoprecipitates were washed four times with NET-N buffer and
then boiled in sample buffer and separated in an SDS-PAGE.

For Western blotting, nitrocellulose membranes were blocked in TBS-T buffer
(10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 0.05% Tween-20) containing 5% milk
for 30 min. Following blocking, the membrane was incubated in the primary
antibody in 1% bovine serum albumin in TBS-T for 2 h at room temperature or
overnight at 4°C. After washing with TBS-T, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibody for 45 min and developed
using Super Signal West Pico (Pierce).

Transformation assays. Anchorage-independent growth of MEFs was deter-
mined in 35-mm wells. Each well was layered with 2 ml of complete medium
containing 0.8% agarose. Cells were trypsinized and resuspended into complete
medium containing 10% FCIS and 0.4% agarose at 38°C, layered on top of the
0.8% agarose, and allowed to solidify at room temperature. Cells were incubated
at 37°C and fed every 4 to 5 days with complete medium containing 0.4% agarose
for 2 to 3 weeks. Clusters of cells containing four or more cells were scored as
colonies. For assays of growth to high density, 50,000 cells were seeded in 60-mm
plates in triplicate and fed every other day for 15 to 20 days. Cells were
trypsinized and counted in a Coulter Counter.

SV40 virus. The pSV-B3 genomic DNA construct in pBR322 was excised with
BamHI and subcloned into pBluescript SK(+/—) (Stratagene). The K1, FI8A,
and A98-99 mutations were introduced into the wild-type SV40 genome by
replacing a PfIM1-Bsgl fragment. The ligation mixture was transfected into
CV-1P cells with Plus/Lipofectamine. Infected cells were fed every 2 to 3 days
until cytopathic effect was visible (10 to 12 days) (61). Supernatant from infected
cells was collected, filtered through a 0.45-wm-pore-size filter, and used to rein-
fect CV-1P cells.

RESULTS

Identification of the TAg-associated 185-kDa protein. A
185-kDa protein was reported to be coprecipitated by SV40
TAg that required the N terminus of TAg for binding (30). It
was noted that when TAg was added to cell lysates, it could
coprecipitate p185, indicating that the complex formed in vitro
(30). To identify p185, **S-labeled NIH 3T3 cell lysates were
mixed with purified N-terminal fragments of large TAg or with
lysates from unlabeled MEFs stably expressing full-length TAg
(66). As shown in Fig. 1A, full-length TAg as well as TAg
fragments containing the N-terminal 135 (T1-135) or 121 (T1-
121) residues coprecipitated a 185-kDa protein as well as the
pRb-related protein p107. In contrast, the TAg fragment con-
taining only the first 82 residues (T1-82) was unable to copre-
cipitate p185. These results support the earlier report indicat-
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FIG. 1. Identification of p185/Cul7 in a TAg immuno-complex.
(A) Lysates were prepared from **S-labeled NIH 3T3 cells, incubated
with purified N-terminal fragments of TAg or with unlabeled lysates
from MEFs stably expressing wild-type TAg, and immunoprecipitated
with TAg monoclonal antibody PAb419. A 185-kDa protein coprecipi-
tated with full-length TAg and the fragments 1-121 and 1-135. TAg-
associated proteins, p107 and p53, are identified. (B) The 185-kDa
protein was in vitro translated from mouse p185 cDNA (lanes 1, 4, and
7) or immunoprecipitated from **S-labeled NIH 3T3 cell lysates with
either anti-p185 monoclonal antibody SA12 alone (lanes 2, 5, and 8) or
with anti-TAg PAb419 in the presence of T1-135 (lanes 3, 6, and 9).
The three samples were separated by SDS-PAGE, and the 185-kDa
band was excised and digested with three different concentrations of
V8 protease. The resulting peptides were separated in an SDS-PAGE
and autoradiographed. (C) pPBABE-puro-TAg or pPBABE-vector (Vec)
was stably expressed in wild-type (+/+) or Cul7 knockout (—/—)
ME-Fs. Lysates were immunoprecipitated using anti-TAg antibody
PADb419 and Western blotted with anti-p185/Cul7 monoclonal anti-
body SA12 (top panel) or anti-TAg monoclonal antibody PAb419
(bottom panel).
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ing that the N-terminal 121 residues of TAg were sufficient to
bind to p185 (30).

A preparative-scale immunoprecipitation with lysates of
NIH 3T3 cells and T1-135 was used to obtain sufficient
amounts of p185 for sequencing by tandem mass spectrometry.
Microsequencing identified three peptides that matched resi-
dues 12 to 27, 743 to 752, and 1501 to 1509 of a human gene,
KIAA0076 (42). A homologous gene was cloned from a mouse
cDNA library that shared 77% overall identity with the human
gene. Sequence comparison revealed that the mouse p185 was
identical to the 193-kDa TAg-associated protein described pre-
viously (62).

To confirm the identity of p185 as the TAg-associated pro-
tein, partial V8 protease digestion of p185 generated from in
vitro translation of a cDNA clone was compared to that per-
formed with p185 directly immunoprecipitated with the mono-
clonal antibody SA12 or p185 that was coprecipitated by TAg
from MEF-T cells that had been labeled with [**S]methionine.
Comparison of the partial proteolysis patterns revealed no
significant differences in the digestion patterns (Fig. 1B), sup-
porting the conclusion that the 185-kDa TAg-associated pro-
tein was the mouse homologue of KIAA0076 (30, 42, 62).

To determine if TAg bound specifically to p185/Cul7, MEFs
were prepared from embryos with Cul7 homozygously deleted
and that were infected with a retrovirus expressing large TAg
(Fig. 1C) (2). Immunoprecipitation for TAg revealed that T
could specifically coprecipitate p185/Cul7. These results con-
firm that TAg binds specifically to the p185/Cul7 protein.

Functional characterization of p185. A standard BLAST
search with p185 revealed significant homology between the
C-terminal region of p185 and members of the cullin family of
E3 ubiquitin ligases (2, 21). Given the strong homology to the
E3 ubiquitin ligases, we sought to determine if p185 could bind
to other known components of the cullin complexes. The re-
gion of p185 that contains the highest homology to the cullin
family contains the binding site for the RING finger protein,
Rbx1/Rocl (2, 19, 20, 37, 43). The RING finger protein is an
essential core component of the SCF complexes and may serve
to recruit the E2 ubiquitin-conjugating enzyme for the ubiqg-
uitination function (19). To determine whether p185 could
bind specifically to a RING-containing protein, T7-tagged
pl85 was cotransfected with HA-tagged versions of Rocl/
Rbx1, Roc2, and the related Apcl1. While each RING protein
was expressed well, only Rocl/Rbx1 was able to coprecipitate
p185 (Fig. 2A).

Recently, p185 has been shown to form a specific complex
with the F box protein Fbx29, also known as Fbw6 (2, 13, 29,
64). To determine whether TAg could bind to a Cul7 complex
that contained Fbw6 and Rocl, NIH 3T3 cells were cotrans-
fected with TAg and epitope-tagged p185, Fbw6, and Rbx1/
Rocl. Immunoprecipitation for TAg revealed coprecipitation
of p185/Cul7 along with Fbw6 and Rbx1/Rocl (Fig. 2B).

To determine if Cul7 contained ubiquitinating activity, HA-
tagged Cul7 was cotransfected with myc-tagged ubiquitin. Im-
munoprecipitation for HA-p185 followed by Western blotting
for myc-ubiquitin revealed that p185 coprecipitated a ubiquitin
ladder represented by multiple bands that extended to the top
of the gel and that intensified in the presence of the protea-
some inhibitor MG132 (Fig. 2C) (12). This result indicates that
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FIG. 2. p185/Cul7 has properties of a cullin. (A) T7-tagged p185/
Cul7 was transiently transfected with HA-tagged Rocl, Roc2, or
APC11 into NIH 3T3 cells. Cell lysates were immunoprecipitated
using anti-HA antibody 12CAS and separated in an SDS-PAGE, fol-
lowed by blotting with T7 and HA antibodies. (B) TAg was cotrans-
fected with HA-p185/Cul7, HA-Fbw6, and myc-Rocl. The cell lysates
were immunoprecipitated with anti-TAg (PAb419) antibody and blot-
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FIG. 3. TAg residues 98 to 102 are required for p185/Cul7 binding.
(A) NIH 3T3 cells were transfected with HA-tagged Cul7 and wild-
type TAg (T), deletion mutant A98-102, or A111-120. At 48 h following
transfection, lysates were immunoprecipitated with TAg antibody
PADA419, separated by SDS-PAGE, and blotted with PAb419 and HA
antibody 12CAS. (B) Wild-type TAg and the indicated mutants of TAg
within the region 98 to 102 were transfected in NIH 3T3 cells. Immu-
noprecipitation for TAg was followed by blotting with antibody against
p185/Cul7 (SA12).

p185/Cul7 or an associated protein can become polyubiquiti-
nated.

p185/Cul7 binding domain of TAg. Immunoprecipitation of
TAg suggested that the N-terminal 121 residues of TAg were
sufficient to coprecipitate p185/Cul7 (Fig. 1A). To identify the
region of TAg required for p185/Cul7 binding, small in-frame
deletion constructs were generated in the N terminus of TAg
and cotransfected with HA-tagged pl185 in NIH 3T3 cells.
Immunoprecipitation for TAg followed by Western blotting
for HA revealed that wild-type TAg as well as a full-length
construct with an in-frame deletion of residues 111 to 120
(A111-120) could coprecipitate p185/Cul7 (Fig. 3A). In addi-
tion, deletion of residues 107 to 111 (PVU-0) did not decrease
the ability of TAg to bind to HA-p185 (data not shown) (66).
In contrast, deletion of residues 98 to 102 (A98-102) reduced
TAg’s ability to coprecipitate p185/Cul7 (Fig. 3A).

To further define the residues of TAg necessary for binding
to p185/Cul7, additional deletions and alanine substitution mu-
tations were generated in residues 98 to 102. These TAg mu-

ted with anti-HA (12CA5), anti-TAg (PAb419), and anti-myc (9E10)
antibodies. (C) HA-p185/Cul7 and myc-ubiquitin were transfected into
NIH 3T3 cells. At 24 h after transfection, MG132 was added to the
medium for 24 h. Lysates were immunoprecipitated with anti-HA
antibody 12CAS, separated in an SDS-PAGE, and blotted with an-
ti-HA (12CAS; top panel) or anti-myc (9E10; bottom panel) antibody.
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FIG. 4. p185/Cul7 binding mutants of TAg. (A) Whole-cell lysates
(left panels) of MEFs stably expressing wild-type TAg, FO8A, A98-99,
or K1 were separated in an SDS-PAGE or immunoprecipitated for
TAg with PAb419 antibody (right panels). Western blotting was per-
formed for p185/Cul7 (SA12), p130 (C20), pRb (XZ55), p53 (240),
and TAg (PAb419), with vinculin (Vin) as a loading control. (B) NIH
3T3 cells were transiently transfected with TAg, K1, H42Q, or A434-
444. Lysates were immunoprecipitated with PAb419 and blotted for
p185/Cul7 (SA12; top panel) or TAg (PAb419; bottom). (C) NIH 3T3
cells were cotransfected with the indicated TAg plasmids and a re-
porter expressing the luciferase gene driven by a wild-type (3xE2F,
upper panel) or mutated (3xmE2F, lower panel) promoter. To correct
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tant constructs were transiently transfected into NIH 3T3 cells.
Cell lysates were immunoprecipitated with a TAg monoclonal
antibody and Western blotted for coprecipitated endogenous
p185/Cul7. As shown in Fig. 3B, deletion of residues 98 to 102,
98 to 101, and 98 to 99 as well as substitution of residues 98 to
102 with five alanines (98-102A5) reduced p185/Cul7 binding
to TAg. Alanine substitution of residue 98 (F98A) also re-
duced p185/Cul7 binding, while alanine substitution of resi-
dues 99, 100, and 102 did not affect p185/Cul7 binding. Alanine
substitution of E101 (E101A) greatly reduced p185/Cul7 bind-
ing. These results support the role of residues 98 to 102 and in
particular F98 in p185/Cul7 binding.

Since residues 98 to 102 of TAg were in close proximity to
the pRb binding region known as the LxCxE motif (residues
103 to 107), it was important to test if mutations in this region
affected binding to pRb. Primary MEFs were stably transfected
with wild-type TAg, a pRb-binding-defective mutant KI
(E107K), F98A, or A98-99. Pools of selected colonies were
expanded and stained for TAg by indirect immunofluores-
cence, revealing that each of these TAg constructs was ex-
pressed in the nucleus of more than 90% of cells (data not
shown).

As shown in Fig. 4A (left panels), expression levels for each
of the TAg constructs were similar in each of these cell lines.
In addition, the expression levels of p53 were similar, reflecting
the ability of TAg to increase the stability of p53. The lysates
were also blotted for pRb-related proteins, including pRb and
p130. Our laboratory has reported that wild-type TAg is capa-
ble of reducing the phosphorylation state of p130 and p107 (52,
53). Furthermore, an intact LxCxE motif and an N-terminal J
domain were required for TAg to affect the phosphorylation
status of p130 and p107. As shown in Fig. 4A, the phosphor-
ylation pattern of p130 was reduced in the presence of wild-
type TAg as well as the mutant constructs F9SA and A98-99. In
contrast, the LxCxE mutant K1 did not reduce the phosphor-
ylation levels of p130. The ability of FO8A and A98-99 to affect
p130 phosphorylation indirectly supports the notion that these
mutants retain an intact DnaJ domain and LxCxE motif.

To determine whether the mutation of residues 98 and 99
affected TAg’s ability to bind p53 and the pRb-related pro-
teins, lysates were immunoprecipitated for TAg. Similar to
wild-type TAg, F98A and A98-99 were able to coprecipitate
p53 as well as all members of the pRb family, including pRb
and pl130 (Fig. 4A, right panels). As expected, the LxCxE
mutant K1 was unable to coprecipitate the pRb family mem-
bers. In contrast, wild-type TAg and K1 were able to copre-
cipitate p185/Cul7, but neither F98A nor A98-99 could bind to
p185/Cul7. These results suggest that the p185/Cul7 binding

for transfection efficiency, a third plasmid constitutively expressing the
Renilla luciferase was included in all transfections. Cells were har-
vested 48 h following transfection, and the relative luciferase units
were measured as described in Materials and Methods. The results are
presented as the means of triplicates = standard deviations.
(D) CV-1P cells were transfected with wild-type SV40 genome or a
mutant genome containing the K1, FO98A, or A98-99 mutation. The
cells were kept under observation for approximately 12 days until
cytopathic effect was observed. When plaques became evident, the
cultures were fixed and stained with crystal violet.
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region of TAg can be distinguished from the pRb binding,
LxCxE motif.

Since pRb binding by TAg could be distinguished from p185/
Cul7 binding, we were curious whether other transforming
domains of TAg contributed to p185/Cul7 binding. We tested
the ability of the DnaJ mutant H42Q and the p53 binding
mutant A434-444 to coprecipitate p185/Cul7 (9, 28, 52). As
shown in Fig. 4B, wild-type TAg as well as the mutants KI,
H42Q, and A434-444 could coprecipitate p185/Cul7 with com-
parable efficiency. From these results, it is apparent that the
mutants FI8A and A98-99 remain capable of binding to the
well-known tumor suppressors pRb and p53 and that at least
some mutants of TAg that fail to bind to pRb or p53 retain
their ability to bind to p185/Cul7.

In addition to binding to the pocket proteins, TAg can in-
activate the ability of the pRb family members to repress E2F-
dependent transcription. To determine whether mutants of
TAg that failed to bind Cul7 retained their ability to relieve
pRb-mediated repression of E2F, an E2F promoter reporter
assay was performed. NIH 3T3 cells were cotransfected with
wild-type or mutant E2F promoter luciferase reporter plasmid
and TAg. As shown in Fig. 4C, expression of wild-type TAg led
to an increase in the E2F promoter activity compared to the
vector control. In contrast, the pRb binding mutant K1 was
unable to override the repression of the E2F promoter. Similar
to wild-type TAg, expression of either FO8A or A98-99 was
able to override repression of the E2F promoter. A reporter
construct that was identical except for mutation of the E2F
sites failed to respond to any of the TAg constructs when tested
under similar conditions, supporting the specificity of the E2F
activity. These results, taken together with the pRb binding
data, suggest that TAg binding to p185/Cul7 can be distin-
guished from binding and inactivation of the pRb family of
proteins.

Since large TAg participates in many functions required for
SV40 viral replication, we tested the ability of F98A and
A98-99 to promote SV40 ori-dependent replication. Cotrans-
fection of wild-type TAg or the p185/Cul7 binding mutants
with an ori-containing plasmid revealed that these p185/Cul7
binding mutants were able to support replication of the ori-
containing plasmid as efficiently as the wild-type TAg (data not
shown) (26). In addition, complete SV40 viruses containing the
mutations FO8A or A98-99 were generated and found to rep-
licate and produce a cytopathic effect in permissive CV-1P cells
(Fig. 4D). The mutant viruses produced similar amounts large
TAg protein as wild-type virus when examined by Western
blotting (data not shown) and induced the cytopathic effect
within a similar time frame as wild-type virus, suggesting that
the mutants had no gross defects in the viral life cycle. Given
these results, the two mutant TAg constructs, FO8A and A98-
99, appear to retain all of the activity necessary for viral rep-
lication.

p185/Cul7-binding mutants of TAg are transformation de-
fective. TAg is capable of transforming a variety of primary
rodent cells (1, 66). Once it was established that the two TAg
mutants FO8A and A98-99 were intact in terms of pRb and p53
binding activities, we tested these mutants for their ability to
transform cells. Expression of wild-type TAg, K1, F98A, or
A98-99 led to immortalization of MEFs with no evidence for
crisis or senescence (6, 59, 66). The ability of large TAg to
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immortalize MEFs has been linked most strongly to its ability
to bind and inactivate p53 (28). Given that the mutants FO8A
and A98-99 can bind to p53 and can immortalize MEFs, it
supports the model that these p185 binding mutants of TAg
retain the ability to inactivate p53 function.

To test the ability to grow to high density, stable pools of
TAg-expressing MEFs were plated at 10* cells per 60-mm dish
and cultured in medium containing either 10% or 1% serum.
Wild-type TAg-expressing MEFs were able to sustain growth
to high density in 10% serum while the pRb binding mutant K1
had a significantly reduced growth rate (Fig. 5A, left panels).
Notably, the FO8A- or A98-99-expressing MEFs were also un-
able to grow as efficiently as MEFs expressing wild-type TAg.
Furthermore, when cultured in 1% serum, MEFs expressing
F98A, A98-99, and K1 were unable to grow as well as those
expressing wild-type TAg (Fig. 5A, right panels).

TAg has the ability to induce anchorage-independent growth
of MEFs. This ability of TAg has been reported to be depen-
dent on both pRb and p53 binding (7, 9, 60). To test the ability
of the TAg mutants to support growth in an anchorage-inde-
pendent manner, MEFs expressing the various TAg constructs
were seeded in semisolid medium containing 0.4% agarose and
10% serum. Clusters of cells containing four or more cells were
counted as colonies after 3 weeks. Using these criteria, nearly
30% of the wild-type TAg-expressing cells were found to form
colonies, whereas less than 10% of K1, F98A, or A98-99
formed colonies in soft agar (Fig. 5B). Therefore, loss of bind-
ing to pRb (K1) or p185/Cul7 (F98A and A98-99) reduces the
ability of TAg to support anchorage-independent growth.

DISCUSSION

Study of SV40 T-Ag cellular transformation has led to the
identification of several key growth control pathways. For ex-
ample, p53 was first identified as a coprecipitating protein of
TAg (33, 35). When the regions of TAg that contribute to
binding to pRb and p53 were mutated, it was recognized that
interaction with these tumor suppressors was required for
transformation (11, 28). In this report, we identify a novel
N-terminal domain of SV40 TAg that contributes to binding to
the p185/Cul7 cullin. Certain mutations within this domain of
TAg abolish p185/Cul7 binding yet retain binding to pS3 and
pRb family members. Evidence that the mutants FO8A and
A98-99 inactivate pRb and p53 was demonstrated by their
ability to override pRb-mediated repression of an E2F pro-
moter reporter and the ability to efficiently immortalize pri-
mary MEFs. However, these p185/Cul7-defective mutants of
TAg failed to fully transform primary MEFs as evidenced by
their inability to grow to high density and the reduced ability to
grow in an anchorage-independent manner. These results sug-
gest that residues 98 and 99 of TAg form part of a new trans-
forming domain of TAg and that binding to p185/Cul7 may be
an essential component of TAg-transforming activity.

In a recent paper from Hahn and colleagues, the transform-
ing properties of SV40 large TAg in primary human cell strains
were attributed to inactivation of pRb and p53 (22). Transfor-
mation of primary human cells was induced by expression of
SV40 large and small TAgs, hTERT, and H-Ras. Large TAg
could be substituted in this assay by overexpression of cyclin D
and a dominant-active CDK4-R24C to inactivate pRb and a
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FIG. 5. TAg transformation of MEFs. (A) Equal numbers of primary MEFs stably expressing wild-type TAg (open circle), K1 (square), F98A
(closed triangle), or A98-99 (closed circle) were seeded in 60-mm dishes. The cells were fed on alternate days with medium containing either 10%
or 1% FCIS. The results in the top two and lower two panels are from two independently generated pools of stably transfected MEFs. The results
are presented as means of total number of cells (10°) on four 60-mm plates = standard deviations. (B) An equal number of the above-mentioned
MEFs was seeded in soft agar and allowed to grow for 3 weeks. Clusters of cells containing four or more cells were scored as colonies. Total
colonies and single cells were counted. The results are shown as the percentage of colonies observed for each TAg clone. Results from two separate

pools (i and ii) of F98A and A98-99 MEFs are presented.

dominant mutant of p53 to inactivate p53. Similarly, large TAg
could be substituted with expression of human papillomavirus
(HPV) E7, known to inactivate pRb, and HPV E6 that inac-
tivates p53. These results suggested that the sole transforming
targets of large TAg were pRb and p53. However, it is possible
that overexpression of cyclin D1 and R24C CDK4 may have
transforming activities in addition to the inactivation of pRb.
Similarly, a dominant-negative form of p53 may have addi-
tional transforming activities in addition to inactivation of p53.
HPV E7 and E6 are known to interact with many other cellular
proteins that have been implicated in transformation. It re-
mains a possibility that p185 is a target of TAg in transforma-
tion of primary human cells.

TAg binding to p185/Cul7 can be separated from pRb and
p53 inactivation and viral replication. The LxCxE motif and
Dnal domain of TAg cooperate to bind pRb, override pRb-
mediated repression of E2F reporters, and reduce the phos-
phorylation levels of p130 and p107 (54, 67). As shown in Fig.
4, FO8A and A98-99 were able to efficiently coprecipitate pRb,
p107, and p130, to alter the phosphorylation status of p107 and
p130, and to activate expression from the E2F-dependent pro-
moter reporter. These results strongly support the notion that
these mutant TAg constructs retain the ability to inactivate
pRb family members. Conversely, mutation of the LxCxE mo-
tif (K1; E107K), the DnaJ domain (H42Q), or the p53 binding
domain (A434-444) did not reduce the ability of TAg to bind to
p185/Cul7 (Fig. 4B).

TAg is known to affect the level and the status of p130 and
p107 phospho-forms. In the presence of wild-type TAg, certain
phospho-forms of p130 and p107 are reduced (53). This effect
is dependent on the presence of an intact DnaJ domain and
LxCxE motif. To investigate whether p185/Cul7 is involved in
this effect, we compared the levels and phosphorylation status
of p130 in MEFs stably expressing the wild-type or the p185/
Cul7 binding-deficient TAg. The expression levels and phos-

phorylation status of p130 were comparable in the presence of
either wild-type or p185/Cul7 binding-defective mutants of
TAg. It appears, therefore, that binding to p185/Cul7 is not
necessary for TAg to affect the phosphorylation levels of p130.
Furthermore, we have no evidence that the potential ubiquiti-
nating activity of associated p185/Cul7 affects the stability or
phosphorylation state of the pRb-related proteins.

The p185/Cul7 binding mutants, FOSA and A98-99, of TAg
also bind to p53. TAg binding leads to an increase in the
half-life of p53. This effect of TAg on the stability of p53 is due,
at least in part, to reduced transcription of p53-dependent
genes, most notably Mdm?2. Mdm?2 expression is induced in
response to p53 activation and serves to promote the nuclear
export, ubiquitination, and subsequent degradation of p53. In
addition, TAg binding to p53 promotes the immortalization of
wild-type MEFs and inhibits the onset of replicative senes-
cence and crisis. The FO8A and A98-99 mutants were as effec-
tive as wild-type TAg in immortalizing MEFs. Given that FO8A
and A98-99 can bind to p53, increase its level of expression,
and promote the immortalization of MEFs, they appear to be
similar to wild-type TAg in inactivating p53 function.

TAg plays an important role in the viral replication and
assembly in the SV40 virus life cycle. The p185/Cul7 mutants of
TAg showed no defect in mediating DNA replication of an
SV40 ori-containing plasmid (data not shown). These muta-
tions, when introduced into the SV40 genome, were also found
not to disrupt viral replication and cytopathic effect.

E3 ligase function of p185/Cul7. Structurally and function-
ally, p185/Cul7 appears to be closely related to a class of
proteins known as cullins that form the scaffold of an E3 ligase
complex involved in ubiquitination-degradation of regulatory
cellular proteins. Similar to other well-studied cullins in yeast
and higher eukaryotic organisms, p185/Cul7 can bind specifi-
cally to the RING finger protein, Rbx1/Rocl, and may serve to
recruit E2 ubiquitin-conjugating activity. Consistent with this,
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p185/Cul7 or an associated protein appeared to be poly-
ubiquitinated when immunoprecipitated in the presence of a
proteasome inhibitor (Fig. 2C) (13). In addition, p185/Cul7
binds specifically to the F box protein Fbwo6 (2, 13). p185/Cul7
is a unique member of the cullin family, because it also con-
tains a region with strong homology to the Apc10/Docl com-
ponent of the anaphase-promoting complex. Despite these ho-
mologies, it is not known if p185/Cul7 and Fbw6 normally
target a specific substrate for ubiquitination and degradation.

Other small DNA virus proteins interact with components of
the ubiquitination pathway and affect protein stability. The
human papillomavirus E6 targets pS3 for ubiquitination and
degradation by recruiting the E6AP ubiquitin ligase (56). Ad-
enovirus E1B 55K and E4 Orf6-dependent degradation of p53
involves Cul5 (46). Despite these similarities, we found no
evidence that TAg binding to p185/Cul7 participated in the
stabilization of p53 or any of the pRb-related proteins. It
appears therefore that the TAg-Cul7 interaction, unlike the
E6-E6AP or E4Orf6-Cul5 interaction, may not control the
stability of associated p53.

It was reported that p193 (p185/Cul7) might have a pro-
apoptotic activity that could be antagonized by TAg (45). It
was also reported that deletion of a potential BH3-homology
domain in p185/Cul7 led to loss of apoptotic effect. A caveat
concerning the observations made by Tsai et al. may be that the
BH3 deletion mutant of p193/p185/Cul7 disrupts the cullin
domain and may have affected Rocl/Rbx1 binding (62). It is
therefore possible that the loss of apoptotic function in the
p185/Cul7 mutant observed resulted from a defect in the E3
ligase function, leading to the stabilization of a potential sub-
strate and manifesting as an antiapoptotic effect. We have not
observed any specific pro- or antiapoptotic effect upon expres-
sion of wild-type TAg or the p185-binding TAg mutants.

TAg binding to p185/Cul7 may lead to inhibition of its as-
sociated ubiquitinating activity, inhibition of the degradation
of a specific substrate, or perhaps redirecting its activity to a
different substrate. It is expected that p185/Cul7 in association
with Fbw6 targets at least one specific substrate for ubiquiti-
nation and subsequent degradation. However, the identity of
this substrate or the specific E3 ubiquitin ligase activity of
p185/Cul7 is only speculative at this time. Considering that
SV40 TAg binding to p185/Cul7 may be necessary for full
cellular transformation, it would be an important goal to de-
termine if the associated ubiquitination activity of p185/Cul7
contributes to TAg transformation.
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