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Rhobtb2 is a candidate tumor suppressor located on hu-
man chromosome 8p21, a region commonly deleted in
cancer. Rhobtb2 is homozygously deleted in 3.5% of pri-
mary breast cancers, and gene expression is ablated in
~50% of breast and lung cancer cell lines. RhoBTB2 is an
83-kD, atypical Rho GTPase of unknown function, com-
prising an N-terminal Rho GTPase domain and two tan-
dem BTB domains. In this report, we demonstrate that
RhoBTB2 binds to the ubiquitin ligase scaffold, Cul3, via
its first BTB domain and show in vitro and in vivo that
RhoBTB2 is a substrate for a Cul3-based ubiquitin ligase
complex. Moreover, we show that a RhoBTB2 missense
mutant identified in a lung cancer cell line is neither
able to bind Cul3 nor is it regulated by the ubiquitin/
proteasome system, resulting in increased RhoBTB2 pro-
tein levels in vivo. We suggest a model in which
RhoBTB2 functions as a tumor suppressor by recruiting
proteins to a Cul3 ubiquitin ligase complex for degrada-
tion.
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Homozygous deletions or loss of heterozygousity in hu-
man chromosome 8p21 are found in many cancers in-
cluding those of the breast, lung, ovary, and prostate
(Brown et al. 1999; Wistuba et al. 1999; Hamaguchi et al.
2002). Rhobtb2 was first identified as a candidate tumor
suppressor gene on 8p21 in breast cancer and initially
called DBC2 (deleted in breast cancer 2; Hamaguchi et al.
2002). Rhobtb2 is homozygously deleted in 3.5% of
breast cancers, gene expression is ablated in ~50% of
breast and lung cancer cell lines, and several somatic
missense mutations in Rhobtb2 have been isolated from
primary tumors and cancer cell lines. Furthermore, rein-
troduction of Rhobtb?2 into a breast cancer cell line
lacking endogenous Rhobtb2 leads to growth arrest
(Hamaguchi et al. 2002). Rhobtb2 encodes an 83-kD,
atypical Rho GTPase, comprising an N-terminal Rho
GTPase domain followed by two BTB domains. Rho fam-
ily GTPases act as molecular switches, binding effector
molecules only when in the GTP-bound state. BTB do-
mains were initially identified in the Drosophila tran-
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scriptional repressors broad complex, tramtrack, and
bric-a-brac but have since been identified in ~190 hu-
man proteins of various function (Collins et al. 2001).
Recently, the BTB domains of several proteins have been
shown to interact with the Cul3 ubiquitin ligase scaffold
protein (Furukawa et al. 2003; Geyer et al. 2003; Pintard
et al. 2003; Xu et al. 2003). Although Rhobtb?2 is absent
from the yeast and Caenorhabditis elegans genomes,
mammals and fish each have three highly homologous
Rhobtb family members and Drosophila and Dictyos-
telium each have a single gene (Ramos et al. 2002). How-
ever, the physiological function of RhoBTB homologs
from any organism remains undetermined.

The ubiquitin/proteasome system tightly controls the
levels of signaling proteins in a variety of biological con-
texts (Pickart 2001). Proteins are targeted for protea-
somal destruction by the covalent attachment of poly-
ubiquitin chains via the activity of substrate-specific
ubiquitin ligases. The cullin-based E3 ligases are one ma-
jor class of ubiquitin ligase (Deshaies 1999; Pickart
2001). Mammals have six distinct cullin proteins (Cull,
Cul2, Cul3, Cul4A, Cul4B, and Cul5), all of which bind
the ring finger protein Rocl (which in turn recruits the
E2 ubiquitin-conjugating enzyme) and are modified co-
valently by the activator Nedd8. This cullin/Roc com-
plex constitutes the core ubiquitin ligase module. Sub-
strate selection is determined by the binding of sub-
strate-specific adaptors to the N-terminal region of the
cullin. In the case of Cull, this consists of the invariant
Skpl and a substrate-specific F-box protein, whereas
Cul2 and Cul5 use a combination of elongin C and a
BC-box-containing protein (Deshaies 1999). Cullin-based
ubiquitin ligases are closely linked to cancer. The pVHL
(von Hippel-Lindau) tumor suppressor is a substrate-rec-
ognition adaptor for Cul2-based ubiquitin ligases (Pause
et al. 1997; Lisztwan et al. 1999; Maxwell et al. 1999;
Ohh et al. 2000). Cul4 is part of a protein complex whose
aberrant function causes Xeroderma pigmentosa and
Cockayne syndrome, both of which can lead to cancer
(Groisman et al. 2003). In addition, Cull-based com-
plexes control the protein levels of many cell cycle regu-
lators, tumor suppressors, and oncogenes (Deshaies
1999).

The substrate-recognition elements of Cul3 have only
just begun to be understood. Several recent reports iden-
tified BTB domains as binding to the N-terminal region
of Cul3 (Furukawa et al. 2003; Geyer et al. 2003; Pintard
et al. 2003; Xu et al. 2003). From these studies, two sub-
strates for Cul3-dependent ubiquitylation were identi-
fied: Btb3p from Schizosaccharomyces pombe, which
binds directly to Cul3, and MEI-1 from C. elegans, which
does not bind Cul3 directly, but instead is recruited by
the BTB-domain-containing adaptor MEL26. Although
several mammalian BTB proteins have been shown to
interact with Cul3, none have been shown to be either
substrates or substrate-specific adaptors. In this report,
we demonstrate in vitro and in vivo that the tumor sup-
pressor RhoBTB2 binds to Cul3 and is a substrate for a
Cul3-based ubiquitin ligase complex. Moreover, we
show that a RhoBTB2 mutant, identified in a lung cancer
cell line, is both unable to bind Cul3 and is not regu-
lated by the ubiquitin/proteasome system, leading to
overexpression of RhoBTB2 in vivo. We speculate that
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RhoBTB2 functions as a tumor suppressor by recruiting
target proteins to a Cul3 ubiquitin ligase complex for
degradation.

Results and Discussion

RhoBTB?2 interacts with Cul3 but not other cullin
family members

As part of our ongoing investigation of RhoBTB2 func-
tion, we screened a mouse embryo yeast two-hybrid li-
brary for RhoBTB2-interacting proteins and identified
the N-terminal region of murine Cul3 (residues 1-199) as
an interacting protein. We then confirmed that the full-
length human Cul3 could also mediate a two-hybrid in-
teraction with RhoBTB2 but not the empty bait plasmid
or the irrelevant bait, phosphatidylinositol-4-phosphate
5-kinase a (PIP5Kq; Fig. 1A).

To verify that endogenous RhoBTB2 and Cul3 physi-
cally interact, we subjected HeLa and 293T cell lysates
to immunoprecipitation by anti-Cul3, anti-RhoBTB2, or
preimmune sera and probed for Cul3 or RhoBTB2 by
Western blotting (Fig. 1B). It has previously been shown
that HeLa cells express RhoBTB2 (Hamaguchi et al.
2002), whereas 293T lack RhoBTB2 expression (Ramos
et al. 2002). We found that Cul3 and RhoBTB2 coprecipi-
tated from HeLa lysates when immunoprecipitation was
performed with either anti-RhoBTB2 or anti-Cul3 anti-
body but not with preimmune serum. As expected,
RhoBTB2 antibodies failed to precipitate RhoBTB2 or
Cul3 from 293T cells because of the lack of endogenous
RhoBTB2, confirming that there was no cross-reaction
between the RhoBTB2 antibody and the Cul3 protein.
Thus, RhoBTB2 interacts with Cul3 in vivo.
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Figure 1. RhoBTB2 interacts with Cul3 but not other cullin family members. (A)
Interaction of RhoBTB2 and Cul3 in the yeast two-hybrid system. PJ69-4A yeast were
cotransformed with the indicated plasmids and grown in the absence of leucine and
uracil (Leu”, Ura”) to maintain both plasmids. Protein/protein interactions were deter-
mined by growth in the absence of adenine and histidine (Leu”, Ura”, Ade”, His™). For
photography, 10 uL of appropriate clonal yeast suspensions were spotted on the indi-
cated agar plates and grown for 3-5 d before being photographed against a black back-
ground. (B) Interaction of endogenous RhoBTB2 and Cul3. HeLa or 293T cell lysates
were subject to immunoprecipitation by preimmune, RhoBTB2, or Cul3 antibodies and
immune complexes probed for both Cul3 and RhoBTB2 by Western blotting. (C)
RhoBTB2 binds specifically to Cul3. 293T cells were transfected with the indicated
plasmids, then anti-HA immune complexes isolated and analyzed sequentially for the

presence of RhoBTB2, cullin, and Nedd8 by Western blotting.
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RhoBTB2 is a Cul3 substrate

We next sought to determine if RhoBTB2 binds only to
Cul3. 293T cells were transfected with HA-RhoBTB2
and various Myc-tagged cullins. RhoBTB2 was immuno-
precipitated and immune complexes analyzed by West-
ern blotting for the presence of the cullin. We found that
RhoBTB2 bound specifically to Cul3 but not other cullin
family members (Fig. 1C). Cullins run as doublets on
SDS-PAGE gels, the higher mobility species being cova-
lently linked to the 8.5-kD Nedd8 protein. RhoBTB2 ap-
peared to precipitate both forms of Cul3 (Fig. 1C). The
identity of the upper species was confirmed as ned-
dylated Cul3 by reprobing blots with a Nedd8 antibody
(Fig. 1C, bottom panel).

The first BTB domain of RhoBTB2 binds
to the N-terminal region of Cul3

We next used deletion mutants of RhoBTB2 and Cul3 to
map their interaction more precisely. Various RhoBTB2
or Cul3 deletion mutants (Fig. 2A) were expressed as
GST fusion proteins in 293T cells together with Myec-
Cul3 or Myc-RhoBTB2, respectively. The association of
transfected RhoBTB2 and Cul3 was determined by West-
ern blotting after precipitation with GSH-agarose. For
RhoBTB2, the Rho domain and second BTB domain
showed no binding to Cul3, whereas the first BTB do-
main binds as well as full-length RhoBTB2 to Cul3 (Fig.
2B). The C-terminal domain of Cul3 (Cul3-CTD) failed
to bind RhoBTB2, whereas the N-terminal domain
(Cul3-NTD) bound at least as well as full-length Cul3 to
RhoBTB2 (Fig. 2C). Thus, the first BTB domain of
RhoBTB2 binds to the N-terminal region of Cul3. This is
in agreement with recent data from four other groups
who report the interaction of BTB domains with the N-
terminal region of Cul3 (Furukawa et al.
2003; Geyer et al. 2003; Pintard et al. 2003;
Xu et al. 2003).

A BTB domain mutant of RhoBTB2
isolated from a lung cancer cell line fails
to bind Cul3

Analysis of primary tumors and cell lines
identified four missense mutations in
RhoBTB2, three of which (Y284D, D299N,
and D368A) were in the first BTB domain
iy (Hamaguchi et al. 2002). Because RhoBTB2
binds Cul3 through this BTB domain, we in-
vestigated whether these mutations might
affect the binding of RhoBTB2 to Cul3. To
this end, we transfected 293T cells with
HA-Cul3 and either Myc-RhoBTB2 or one
of the Myc-RhoBTB2 mutants (Y284D,
D299N, or D366A). RhoBTB2 proteins were
immunoprecipitated and their ability to
bind Cul3 was assessed by Western blot-
ting. We found that wild-type RhoBTB2
binds robustly to Cul3, as expected,
whereas the Y284D RhoBTB2 mutation al-
most completely abolished binding to Cul3
(Fig. 3A). In contrast, the D299N and
D368A mutants of RhoBTB2 bind to Cul3
as well as wild-type RhoBTB2 (data not
shown). Interestingly, the Y284D RhoBTB2
mutant was consistently expressed at levels
three to fivefold higher than wild type (see
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Figure 2. RhoBTB2 interacts with the N terminus of Cul3 via its first BTB domain.
(A) A schematic representation of the RhoBTB2 and Cul3 mutants used. The exact
residue numbers where truncations are made are indicated. The approximate bind-
ing site of the ring finger protein Rocl on Cul3 is also shown. (B) Mapping the
binding site of Cul3 on RhoBTB2. 293T cells were transfected with the indicated
plasmids. GST complexes were isolated and analyzed sequentially for the presence
of Cul3 and GST-RhoBTB2 proteins by Western blotting. (C) Mapping the binding
site of RhoBTB2 on Cul3. 293T cells were transfected with the indicated plasmids.
GST complexes were isolated and analyzed sequentially for the presence of

teins (Geyer et al. 2003; Pintard et al. 2003;
Xu et al. 2003).

Regulation of RhoBTB2 expression
by the ubiquitin/proteasome system
and Cul3

Because RhoBTB2 binds to the N-terminal re-
gion of Cul3, we reasoned that it may be a
substrate of a Cul3-based ubiquitin ligase
complex. If this were true, RhoBTB2 protein
levels should be increased by inhibition of the
ubiquitin/proteasome system. Moreover, pro-
tein levels of the Y284D RhoBTB2 mutant
should be unaffected by proteasomal inhibi-
tion because it cannot bind to Cul3. We there-
fore determined the effect of proteasomal in-
hibition on transfected wild-type and Y284D
mutant RhoBTB2. 293T cells were transiently
transfected with either wild-type or Y284D
RhoBTB2 for 16 h. To control for variability in
transfection efficiency, we then split cells into
two separate dishes and, after cell reattach-
ment, treated them with either the protea-
some inhibitor MG132 or DMSO alone. The
level of Myc-RhoBTB2 in cell lysates was de-
termined by Western blotting. As a control for
loading, blots were also probed for a-actin. As

RhoBTB2 and GST-Cul3 proteins by Western blotting.

Fig. 4A). Consequently, in Figure 3A, four times less
RhoBTB2-Y284D precipitate than wild type was loaded
to allow easier assessment of the relative amounts of
Cul3 binding of the two proteins.

We next investigated the structural elements of Cul3
necessary for RhoBTB2 binding. Extensive crystallo-
graphic studies of the interaction of Cull and Skpl re-
vealed that two helices, H2 and H5, from the N-terminal
of Cull constitute the binding interface for Skpl (Schul-
man et al. 2000; Zheng et al. 2002). Inspection of the
protein sequence of Cul3 homologs across species re-
vealed two highly conserved regions corresponding to H2
and H5 of Cull. Moreover, the BTB domain has been
postulated to have structural similarity to that of Skpl
(Zheng et al. 2002). To determine if the RhoBTB2/Cul3
interaction was analogous to that of Cull/

Skpl, we made amino acid substitutions in
the putative H2 and H5 helices of Cul3 as fol- A

predicted, MG132 treatment of cells increased

the levels of wild-type RhoBTB2 protein at
least fourfold (Fig. 4A). Moreover, the Y284D mutant of
RhoBTB2, which is defective in Cul3 binding (Fig. 3B),
was more highly expressed than wild-type RhoBTB2
(three- to fivefold higher) and this level was not further
increased by proteasomal inhibition (Fig. 4A).

We also examined the effect of proteasomal inhibition
on the levels of endogenous RhoBTB2 in HeLa cells and
SK-MES-1 (the lung cancer cell line that expresses the
Y284D RhoBTB2 mutant). Although we were unable to
detect RhoBTB2 by Western blotting of total cell lysates,
we were able to immunoprecipitate endogenous RhoTB2
and determine relative expression levels. In agreement
with the results from transient transfection experi-
ments, proteasomal inhibition dramatically increased
protein levels of wild-type RhoBTB2 in HeLa cells,

lows: S53A, E55A/E56A, R59A, Y58K, Y62K, Myc-RhoBTB2  + n-cmrao‘::;.:z +
Y125K, R128D, D127A/R128A. To test the MWeRRSTEREEMR &+ I & n

ability of these Cul3 mutants to bind
RhoBTB2, we transfected 293T cells with HA-
RhoBTB2 and either Myc-Cul3 or one of the
Myc-Cul3 mutants. Cul3 proteins were im-
munoprecipitated and their ability to bind
RhoBTB2 was assessed by Western blotting.
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We found that wild-type Cul3 bound robustly
to RhoBTB2, as expected, whereas the Y58K
Cul3 mutation almost completely abolished
binding to RhoBTB2 (Fig. 3B). In contrast, the
other mutants of Cul3 did not affect binding to
RhoBTB2 (data not shown). This is in agree-
ment with others, who have shown in S.
pombe and C. elegans that mutations in the
putative H2 and H5 helices of Cul3 dis-
rupt binding to BTB-domain-containing pro-
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Figure 3. Point mutations in RhoBTB2 and Cul3 disrupt their interaction. (A) A
Y284D mutation in RhoBTB2 disrupts the interaction with Cul3. 293T cells were
transfected with the indicated plasmids and anti-HA immune complexes isolated
and analyzed sequentially for the presence of RhoBTB2 and Cul3 by Western blot-
ting. The Y284D RhoBTB2 mutant was consistently expressed at levels three to
fivefold higher than wild type; consequently, four times less RhoBTB2-Y284D im-
munoprecipitate than wild type was loaded to allow easier assessment of the rela-
tive amounts of Cul3. (B) A Y58K mutation in Cul3 disrupts the interaction with
RhoBTB2. 293T cells were transfected with the indicated plasmids and anti-HA
immune complexes isolated and analyzed sequentially for the presence of RhoBTB2
and Cul3 by Western blotting.
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whereas the level of mutant RhoBTB2-Y284D protein in
SK-Mes-1 cells was higher basally than in HeLa cells and
was unresponsive to proteasome inhibitor (Fig. 4B).

We next determined the relative half-lives of RhoBTB2
and the Y284D RhoBTB2 mutant. If RhoBTB2 was regu-
lated by the ubiquitin/proteasome system, as a direct
consequence of binding to Cul3, then the half-life of
RhoBTB2 should be significantly shorter than that of the
Y284D RhoBTB2 mutant. To test this, we transiently
transfected 293T cells with either wild-type or Y284D
RhoBTB2 for 16 h. To control for variability in transfec-
tion efficiency, we then split cells into four separate
dishes and, after cell reattachment, treated them with
the protein synthesis inhibitor cycloheximide and either
the proteasome inhibitor MG132 or DMSO alone. The
level of Myc-RhoBTB2 in cell lysates was determined by
Western blotting. As a control for loading, blots were
also probed for a-actin. Following cyclohexamide treat-
ment, the levels of wild-type RhoBTB2 protein decline
rapidly (half-life <4 h) and this is prevented by protea-
somal inhibition (Fig. 4C). In contrast, the protein levels
of the Y284D RhoBTB2 mutant are stable for >12 h and
unaffected by proteasomal inhibition.

If RhoBTB2 is degraded as a result of binding to Cul3,
then ablation or down-regulation of Cul3 should lead to
a concomitant increase in wild-type RhoBTB2 protein
levels but have little or no effect on the levels of the
Y284D RhoBTB2 mutant. To address this, we reduced
the levels of endogenous Cul3 protein by using retrovi-
rally expressed shRNA specific to Cul3. HeLa and SK-

Figure 4. RhoBTB2 protein levels are regulated by both
Cul3 and the ubiquitin/proteasome system in vivo. (A)
RhoBTB2 protein levels are negatively regulated by the pro-
teasome in transfected cells. 293T cells were transfected
with either wild-type or Y284D RhoBTB2 for 16 h. To con-
trol for variability in transfection, we then split cells into
two separate dishes and, after cell reattachment, treated
them with either 10 uM MG132 or DMSO alone for a fur-
ther 12 h. Cell lysates were then analyzed for RhoBTB2
expression by Western blotting. As a loading control, blots
were also probed for a-actin. (B) Endogenous RhoBTB2 pro-
tein levels are negatively regulated by the proteasome. Hela
and SK-Mes-1 cells were treated with either 10 pM MG132
or DMSO alone for 12 h. Equal amounts of lysates were
then subject to immunoprecipitation by anti-RhoBTB2 an-
tibody and analyzed for the presence of RhoBTB2 by West-
ern blotting. (C) RhoBTB2 has a short half-life that is sta-
bilized by proteasomal inhibition. 293T cells were trans-
fected with either wild-type or Y284D RhoBTB2 for 16 h.
To control for variability in transfection, we then split cells
into 3-cm dishes and, after cell reattachment, treated them
with 100 uM cycloheximide plus either 10 uM MG132 or
DMSO alone for the indicated number of hours. Cell ly-
sates were then analyzed for RhoBTB2 expression by West-
ern blotting. As a loading control, blots were also probed for
a-actin. (D) shRNA-mediated ablation of Cul3 results in
elevated levels of endogenous RhoBTB2 protein. HeLa and
SK-Mes-1 cells were infected twice in 24 h with retrovi-
ruses expressing shRNA for either Cul3 or GFP. An empty
vector virus was used as a negative control. After 48 h of
infection, cell lysates were subject to immunoprecipitation
and Western blotting by RhoBTB2 or Cul3 antibodies. As a
control for the specificity of the Cul3 shRNA, cell lysates
were Western blotted for Cull levels.

Mes-1 cells were infected with retrovirus expressing
shRNA for Cul3. A retrovirus expressing shRNA specific
for GFP (Jin et al. 2003) and an “empty vector” retrovirus
were used as controls for specificity. After 48 h of infec-
tion, cells were lysed and the levels of Cul3 and RhoBTB2
determined by immunoprecipitation and Western blot.
As a further control for specificity of the Cul3-shRNA,
the levels of Cull in cell lysates was also determined by
Western blotting. For both HeLa and SK-Mes-1 cells,
Cul3 shRNA almost completely ablated endogenous
Cul3 protein relative to “empty vector” and GFP shRNA
controls, but Cull protein levels were unchanged. As
predicted, in HeLa cells down-regulation of Cul3 corre-
lated with a dramatic increase in endogenous RhoBTB2
levels (Fig. 4D). In contrast, in SK-Mes-1 cells there was
no change in RhoBTB2 levels in the absence of Cul3.
Taken together, these data provide compelling evi-
dence for a model in which RhoBTB2 is a direct substrate
of a Cul3 ubiquitin ligase complex and is degraded by the
ubiquitin/proteasome system in vivo.

RhoBTB?2 is a direct substrate of Cul3-based ubiquitin
ligase complex in vitro

We next directly tested in vitro whether RhoBTB2 was a
substrate for a Cul3-based ubiquitin ligase complex. Ac-
cordingly, 293T cells were transfected with constructs
expressing GST-Cul3 (or Cul3-NTD), Myc-RhoBTB2,
and HA-Rocl. Cul3/RhoBTB2/Rocl complexes were pre-
cipitated with GSH-agarose and subjected to an in vitro
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Figure 5. RhoBTB2 is a target for a Cul3 ubiquitin ligase complex in vitro. 293T
cells were transfected with GST-Cul3, Myc-RhoBTB, and Rocl or with appro-
priate controls. GST-Cul3 complexes were subsequently isolated with GSH-
agarose and subject to in vitro ubquitylation assay (see Materials and Methods).
(A) After assay, the reactions were resolved by SDS-PAGE and probed for
RhoBTB2. (B) The blot was then stripped and reprobed for Cul3. (C) The con-
stituents of each Cul3 complex were confirmed by Western blotting for Cul3,
Rocl, and RhoBTB2. In A and B, the only components of assay that were varied

tion. This model would be entirely consistent
with the role of RhoBTB2 as a tumor suppressor
and has several precedents supporting it. First,
the von Hippel Lindau tumor suppressor is a sub-
strate-recognition element for Cul2 (Pause et al.
1997; Lisztwan et al. 1999; Maxwell et al. 1999;
Ohh et al. 2000). Second, F-box proteins are both
substrate-recognition modules and themselves
substrates of Cull-based ubiquitin ligase com-
plexes (Zhou and Howley 1998). Finally, the C.
elegans BTB domain protein Mel26 acts as a sub-
strate-specific adaptor for Cul3, recruiting the
MEI-1 protein for ubiquitylation (Furukawa et al.
2003; Pintard et al. 2003; Xu et al. 2003). We are
currently attempting to identify more RhoBTB2-
interacting proteins to test whether RhoBTB2 is
indeed a substrate-specific adaptor for Cul3.

are indicated. In C, the transfected constructs are indicated.

ubiquitylation assay (Fig. 5). After the reaction, proteins
were Western blotted sequentially for RhoBTB2 (Fig. 5A)
and Cul3 (Fig. 5B). The constituents of the Cul3 com-
plexes used for each assay were confirmed by Western
blotting for Cul3, RhoBTB2, and Rocl (Fig. 5C). We
found that a high-molecular-weight ladder of RhoBTB2,
characteristic of polyubiquitin chains, was generated ro-
bustly by complexes of RhoBTB2, Cul3, and Rocl in the
presence of ubiquitin (Fig. 5A). However, omission of ubigq-
uitin or RhoBTB2 from the reaction prevented formation of
this laddering, confirming the identity of the high-molecu-
lar-weight species as polyubiquitylated RhoBTB2. Also,
as predicted, complexes of RhoBTB2 and Cul3-NTD
showed no polyubiquitylation because of an inability to
bind Rocl or the E2 enzyme. As a further control, the
catalytic activity of Cul3 complexes was also assessed
via Cul3 auto-polyubiquitylation (Fig. 5B). As expected,
complexes of full-length Cul3 auto-polyubiquitylated to
produce high-molecular-weight polyubiquitin chains
only in the presence of ubiquitin, whereas the Cul3-
NTD complexes were catalytically dead. These data con-
firm that RhoBTB2 is indeed a direct substrate of a Cul3-
based E3 ubiquitin ligase complex.

Our results suggest several models for RhoBTB2 func-
tion. One possibility is that RhoBTB2 is simply a sub-
strate of a Cul3 ubiquitin ligase complex with the first
BTB domain serving as the targeting signal for degrada-
tion. However, disruption of binding to Cul3 prevents
RhoBTB2 degradation and leads to increased RhoBTB2
expression (Figs. 3A, 4A). Consequently, this model is
difficult to reconcile with the role for RhoBTB2 as a tu-
mor suppressor in which deletion of RhoBTB2 is associ-
ated with cancer. A more attractive model that encom-
passes all the available data is that RhoBTB2 functions as
a tumor suppressor by binding and recruiting substrates
to a Cul3 ubiquitin ligase complex for degradation. In
this model, loss of RhoBTB2 would lead to up-regulation
of proteins involved in oncogenesis. The differential
binding of RhoBTB2 mutants to Cul3 can also be ex-
plained in this is model. The Y284D RhoBTB2 mutant
would be loss of function in this context because it fails
to bind Cul3 and would therefore not recruit target pro-
teins for ubiquitylation. The other somatic RhoBTB2
mutants, although they bind Cul3, could still be loss of
function with respect to substrate binding or ubiquityla-
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Materials and methods

Yeast two-hybrid screening

The PJ694A yeast strain and accompanying vector system were
used throughout (James et al. 1996). Full-length human RhoBTB2,
Cul3A, and PIP5Ka were cloned into the pGBDU-C1 vector. The mouse
whole-embryo ¢cDNA library (Vojtek et al. 1993) was a gift from C. Ri-
chardson (Harvard Medical School, Boston, MA) and J. Blenis (Harvard
Medical School, Boston, MA). Two-hybrid interactions were selected on
synthetic defined medium lacking leucine, uracil, and adenine for 3-5 d
at 30°C as described in James et al. (1996).

Plasmids

Human RhoBTB2 was amplified by RT-PCR from fetal human mRNA
and cloned into the pEBB vector (a gift from B Mayer, University of
Connecticut, Storrs, CT) as a Myc, HA, or GST fusion. The Myc-Cullin
and HA-Roc vectors were provided by X. Xiong (University of North
Carolina at Chapel Hill, NC). Cul3 and RhoBTB2 mutants were gener-
ated using the Quikchange mutagenesis kit (Stratagene). To generate
retroviral vectors expressing Cul3-specific shRNA, we cloned double-
stranded DNA oligonucleotides into pMSCV-U6 exactly as described
(Devroe and Silver 2002). The sequence of the sense strand is as fol-
lows: GGTGCTCACGACAGGATATttctgaagaATATCCTGTCGTGAG
CACCectt (gene-specific sequences are in capitals and hairpin sequences
are underlined). A retroviral vector expressing shRNA specific to human-
ized Renilla GFP was a gift from J. Wade Harper (Harvard Medical School,
Boston, MA; Jin et al. 2003). Exact details of all constructs used are
available on request.

Antibodies

Anti-Cul3 (Santa Cruz), anti-Nedd8 (Alexis), anti-Myc 9E10 (Clontech),
and anti-HA HAI11l (Roche) antibodies were used as suggested by the
manufacturers. Rabbit polyclonal RhoBTB2 antibodies were raised
against a RhoBTB2 GST fusion protein.

Cell culture, transient transfection, and protein interactions

293T, HeLa, and SK-Mes-1 cells were purchased from ATCC and main-
tained according to the product literature. 293T cells were transfected
with Polyfect (Qiagen) for 24 h unless otherwise stated in the text. Cells
were lysed with RIPA buffer (50 mM Tris at pH 7.5, 150 mM NacCl, 1%
Triton X-100, 0.1% SDS, 0.5% deoxycholate). Immunoprecipitation was
performed by using protein-A sepharose (Pharmacia), GST precipitation
by using GSH-agarose (Pharmacia), and Western blotting by using stan-
dard procedures.

Retroviral ShRNA

Retroviruses expressing shRNA for Cul3 and GFP were packaged in 293T
cells by cotransfection with pCL-Ampho (IMGENEX). HeLa and SK-
Mes-1 cells were infected twice in 24 h with the appropriate virus, se-
lected for a further 48 h with 2 pg/mL puromycin (except the shRNA GFP
virus, which does not confer puromycin resistance), then lysed and sub-
jected to immunoprecipitation by Cul3 and RhoBTB2 antibodies.



Ubiquitylation assay

293T cells were transfected with GST-Cul3, Myc-RhoBTB, and Rocl or
appropriate controls. Cul3 complexes were isolated with GSH-agarose,
washed three times in lysis buffer, once in 50 mM HEPES (pH 7.6), then
added to a reaction mixture containing 2 pM ubiquitin aldehyde, 10 pM
MG132, 5 mM MgCl,, I mM ATP, 0.5 mM DTT, 50 pg ubiquitin, 500 ng
yeast E1 enzyme, 500 ng E2 enzyme (Ubc5), and 1 mM phenylmethyl-
suphonylfluoride in a total volume of 50 pL. The reaction was incubated
at 37°C for 1 h, then resolved by SDS-PAGE and Western blotted sequen-
tially for RhoBTB2 and Cul3. A small fraction of the Cul3 complexes
were saved and Western blotted simultaneously for Cul3, RhoBTB2, and
Rocl. All ubiquitin-related reagents were purchased from Boston Bio-
chemicals.
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