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Figure 9. Golgi localization is required for RhoBTB3 regulation of Cyclin E levels, Golgi structure, and cell size. (A) Hela cells were treated with Control
(top) or RhoBTB3 siRNA (as indicated) for 72 h. After 24 h, cells were transfected with plasmid encoding siRNA-resistant Myctagged WT-RhoBTB3 or
Myctagged 1-525 truncation. Left column, Cyclin E1 detected with mouse anti-Cyclin E (HE12). Middle (in top and second panels), nuclei stained with
DAPI; right column, TRITC-labeled RhoBTB3 siRNA #1. Red asterisks indicate siRNA-transfected cells, yellow asterisks indicate cells transfected with siRNA
and rescue plasmid. Bars, 40 pm. (B and C) Quantification of rescue. Control siRNA (black column), RhoBTB3 siRNA (red column), RhoBTB3 siRNA + WT
rescue construct (blue column), and RhoBTB3 siRNA + 1-525 rescue construct (green column). The percentages of Cyclin E-positive cells (B) and nuclear

JCB « VOLUME 203 « NUMBER 2 « 2013



during an S-phase arrest due to deregulation of Cyclin E
turnover (Spruck et al., 1999; Willmarth et al., 2004; McEvoy
et al., 2007).

Consistent with our earlier findings, RhoBTB3 depletion
resulted in a 1.6-fold increase in the proportion of Cyclin E1-
positive cells (Fig. 9, A and B). Under these conditions, the cell-
associated, integrated intensity of nuclear Cyclin E staining also
increased significantly (Fig. 9 C). Expression of wild-type
RhoBTB3 in depleted cells not only restored the percentage of
Cyclin E—positive cells to values similar to those seen in control
siRNA-treated cells (Fig. 9, A and B), but it also decreased the
nuclear Cyclin E integrated intensity by 50% (Fig. 9 C). In con-
trast, Golgi-mislocalized truncated RhoBTB3 was less potent in
reducing both the proportion of Cyclin E—positive cells and the
nuclear Cyclin E level per cell (Fig. 9, A—C). Importantly, de-
spite these differences, both RhoBTB3 constructs were able to
bind the putative substrate (Cyclin E) and the ubiquitin ligase
scaffold (CUL3), whereas the unrelated peripheral Golgi pro-
tein GRASPSS did not (Fig. 9, D and E). Finally, the Golgi frag-
mentation phenotype and increased cell size of RhoBTB3-
depleted cells were also rescued by the wild-type but not by the
Golgi-mislocalized version of the protein (Fig. 9, F-H). Alto-
gether, these data demonstrate that Golgi localization is critical
for RhoBTB3’s role in Golgi homeostasis and S-phase cell cycle
control, beyond Cyclin E and CUL3 interaction.

RhoBTB3CUY-e/RBX1 o5 an alternative pathway
in Cyclin E ubiquitylation

In mammalian cells, the SCF-FBW7 pathway also plays a major
role in ubiquitylation-dependent regulation of Cyclin E (Koepp
etal., 2001; Hwang and Clurman, 2005; Welcker and Clurman,
2008). In an effort to demonstrate that RhoBTB3 represents an
alternative ubiquitylation pathway, HEK293T cells were treated
with an siRNA targeting all isoforms of Fbw7 (Fig. 10 A), the
Cyclin E substrate adaptor for the SCF ubiquitin ligase (Hao et
al., 2007). As previously reported (Koepp et al., 2001), Fbw7
depletion resulted in increased Cyclin E levels (Fig. 10 A). Im-
munopurified RhoBTB3“V-85X! complexes from both control
or Fbw7 siRNA-depleted cells (Fig. 10 B) catalyzed ubiquity-
lation of Cyclin E in vitro with similar efficiencies (Fig. 10 C),
confirming that our previous in vitro data were not influenced
by the presence of co-immunopurified SCF-FBW7 ubiquitin li-
gase (Fig. 7, D and E). On the other hand, in vivo overexpres-
sion of RhoBTB3 resulted in around 50% reduction of the
increased Cyclin E levels observed under Fbw7 depletion con-
ditions (Fig. 10 D). These results confirm our contention that

Golgi-associated RhoBTB3“V-REX! represents an alternative
pathway that mediates Cyclin E ubiquitylation in human cells
(Fig. 10, E and F).

Discussion

We have shown here that Golgi-associated RhoBTB3 appears
to promote cell cycle progression by functioning as an adaptor
protein that can present Cyclin E to the CUL3 ubiquitination ma-
chinery. In the absence of RhoBTB3, cells arrest in S phase and
display a fragmented Golgi apparatus, concomitant with an in-
crease in Cyclin E levels (Fig. 10 F). RhoBTB3 was previously
shown to be a Rab9 GTPase effector that is required for the
transport of proteins from late endosomes to the Golgi complex
(Espinosa et al., 2009). The fact that RhoBTB3, an atypical Rho
family member, can influence cell cycle progression by ubiquity-
lation reveals an unexpected role for a Golgi protein that func-
tions in membrane traffic (Espinosa et al., 2009) and regulates
Golgi compartment integrity from its central location at the Golgi.

The Golgi apparatus plays critical regulatory roles at multiple
stages of the cell cycle. Cells require fragmentation of the Golgi
complex to be able to enter mitosis (Siitterlin et al., 2002). This
so-called “Golgi checkpoint” involves Cyclin B-CDKI1 phosphor-
ylation of Golgi matrix proteins and subsequent recruitment of
polo-like kinase (Preisinger et al., 2005) and Aurora kinase to the
centrosome (Persico et al., 2010). In this manner, the Golgi and
centrosome are two closely associated organelles that communi-
cate with each other during the cell cycle. It is interesting to note
that entry into S phase and initiation of DNA replication requires
centrosomal localization of a pool of Cyclin E (Matsumoto and
Maller, 2004; Ferguson and Maller, 2010). We speculate that
Golgi-associated RhoBTB3“V-/REX! may locally regulate Cyclin
E levels during S phase to prevent centrosome over-duplication
(Fig. S2 C), which may trigger genomic instability (D’ Assoro
et al., 2002; Duensing, 2005; Koutsami et al., 2006).

Golgi localization is required for proper RhoBTB3 func-
tion. We have shown that RhoBTB3 is a peripheral Golgi protein
that is likely to be responsible for the recruitment of a CUL3-
ubiquitin ligase complex. Membrane recruitment regulates Ras
family proteins in important ways (Colicelli, 2004; Pfeffer and
Aivazian, 2004). Membrane association of Ras family members
relies on two biochemical properties: the bound nucleotide-
determined conformation of the protein and the presence of a lipi-
dated C terminus. In contrast, RhoBTB3’s Golgi-targeting domain
lacks both nucleotide-binding capacity and its CAAX prenylation
motif (Fig. 8 A). It is likely that RhoBTB3’s Golgi association is
mediated by an additional, yet to be identified, Golgi component.

Cyclin E intensity (C) were obtained using an unbiased quantification method (see Materials and methods). Data represent the mean of three independent
experiments in which a fotal of >1,000 cells were analyzed in control and RhoBTB3 siRNA conditions, or >398 cells in rescue conditions. ttest; *, P <
0.05; **, P < 0.01; error bars represent SEM. (D and E) Interaction of WT-RhoBTB3 or 1-525 RhoBTB3 construct with FLAG-Cyclin E (D) and FLAG-CUL3
(E) in total lysates from HEK293T cells. Cells were transfected as indicated at the top, immunoprecipitated with anti-FLAG antibody, and bound proteins
were defected by immunoblot with antibodies to the proteins indicated at the right. Molecular mass marker mobility is shown at the left in kilodaltons.
(F) Hela cells were treated with indicated siRNA for a total of 72 h. At 24 h after siRNA, cells were transfected with plasmid encoding siRNA-resistant Myc-
tagged WT-RhoBTB3 (top) or Myctagged 1-525 truncation (bottom). Left, Golgi structure assessed using mouse anti-GCC185. Middle, RhoBTB3 rescue
construct expression detected using chicken anti-Myc. Right, TRITC-labeled siRNA. Asterisks are as in A above. Bars, 40 pm. (G and H) Quantification
of Golgi fragmentation (G) and cell area (H). Color code as in B. Data in G and H represent the mean of four independent datasets in which a total of
150-200 cells were analyzed in all conditions. ttest; *, P < 0.05; **, P < 0.01; ***, P < 0.001; error bars represent SEM.
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Figure 10. RhoBTB3-CUL3 represents an alternative pathway for Cyclin E ubiquitylation. (A) Fbw7 depletion in HEK293T cells assayed by immunoblot.

Cyclin E1 increases after 72 h of Fbw7 siRNA treatment; Golgin 97 was used as a loading control. (B) Characterization of anti-FLAG immunopurified com-
plexes containing Myc-RhoBTB3, FLAG-CUL3, and HA-RBX1 proteins in HEK293T cells treated either with control or Fow?7 siRNA. (C) In vitro-reconstituted
ubiquitylation of Cyclin E using complexes shown in B. Top panel represents a long exposure of the same gel shown below (blotted using anti-Cyclin E).
(D) Immunoblot detection of Cyclin E1 levels in Hela cells treated with control (first lane) or Fbw7-siRNA (second and third lanes). After 24 h, cells were
transfected either with Myc-empty vector (second lane) or Myc-RhoBTB3 (third lane); after 72 h total, extracts were analyzed as indicated. Overexpression
of RhoBTB3 was detected using anti-Myc antibody; Golgin 97 was a loading control. Graph below shows mean Cyclin E levels from at least two inde-
pendent experiments; error bars represent SEM. Molecular mass marker mobility is shown at left (A, B, and D) or right (C) in kilodaltons. (E and F) Model
for RhoBTB3-mediated ubiquitylation of Cyclin E on the Golgi. Under physiological conditions (E), Golgi-associated RhoBTB3 binds to free Cyclin E and
presents it to a CUL3-ubiquitin ligase for modification. Cyclin E can also be ubiquitylated by an SCF-Fbw7 pathway. Upon RhoBTB3 depletion (F), Cyclin E

accumulates and Golgi fragmentation is observed.

Depletion or overexpression of RhoBTB3 has a profound
effect on Golgi structure. Previous studies have demonstrated im-
portant roles for ubiquitylation and deubiquitylation in Golgi
structure homeostasis (Meyer et al., 2002; Tang et al., 2011). For
example, the AAA ATPase, p97, is important for the formation
and maintenance of elongated Golgi cisternae (Uchiyama et al.,
2006) and binds directly to ubiquitin conjugates via specific adap-
tor proteins (Meyer et al., 2002). p97 is thought to separate ubiq-
uitinated substrates from tightly bound partner proteins throughout
the cell cycle (Ye, 2006). In addition to binding Cyclin E directly,
RhoBTB3’s ATPase activity may play a role similar to p97 in un-
tangling ubiquitylated protein complexes.

We have shown that CUL3 depletion also results in Golgi
fragmentation, which implies that CUL3-dependent ubiquity-
lation is required for Golgi structure maintenance. p97 interacts
indirectly with CUL3 to control ubiquitylation of specific sub-
strates (den Besten et al., 2012). As a CUL3 adaptor protein,
RhoBTB3 likely catalyzes ubiquitylation of proteins important for
Golgi structure that may include p97. A parallel, Golgi-associated
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CUL7-dependent pathway also influences Golgi structure by
ubiquitylation of GRASP65 protein (Litterman et al., 2011).
Previous studies have shown that interferon-y signaling
can up-regulate RhoBTB3 gene expression, concomitant with
Cyclin E down-regulation (Amrani et al., 2003; Indraccolo
et al., 2007). RhoBTB3 is also up-regulated during S phase
(Fig. 7 D; and www.cyclebase.org), consistent with its role in
regulating Cyclin E levels. As is true for other Cullin-based ubig-
uitin ligase substrate adaptors, it is likely that RhoBTB3 targets
multiple substrates (in addition to Cyclin E). Identification of
the full range of RhoBTB3 substrates should provide additional
mechanistic insight into how RhoBTB3 coordinates cell cycle
progression, membrane trafficking, and Golgi homeostasis.
Mutations or overexpression of Ras oncogenes play an
important role in human cancer development and progression
(Malumbres and Barbacid, 2003). A number of Ras-related Rho
GTPases have also been implicated in tumorigenesis (Sahai and
Marshall, 2002). The classical function of Rho GTPases is regu-
lation of the actin cytoskeleton (Jaffe and Hall, 2005). However,



Rho GTPases are also involved in other cellular processes in-
cluding cell proliferation, and deregulation of their functions
has been reported in cancer (Sahai and Marshall, 2002). Down-
regulation of RhoBTB3 has been reported in different types of
cancer (Berthold et al., 2008a), but the physiological conse-
quences of this phenomenon and the underlying mechanisms
remain unknown. Interestingly, mutations in RhoBTB3 have
also been identified in several cancer cell lines and in tumors
(Forbes et al., 2006); the mutations localize to the Rho domain
(D72H; R87Q) or to the Golgi localization domain (S321Y;
D360Y; S587L). It will be of interest to test the functional con-
sequences of mutations at these positions.

Multiple Cullin—ubiquitin ligase pathways that target a
common cyclin (including Cyclin E) have been described
(Hwang and Clurman, 2005; Alao, 2007). For example, Cyclin
D down-regulation is controlled primarily by a CUL1-dependent
pathway (Lin et al., 2006), but an alternative CUL7-mediated
pathway has also been reported (Paradis et al., 2013). Each of
these pathways may be triggered upon specific upstream signals
or may be compartmentalized in specific subcellular locations
to regulate the abundance of distinct substrate pools. Thus, while
the SCF-Fbw7 pathway mediates ubiquitylation of phosphory-
lated Cyclin E in the nucleolus (Bhaskaran et al., 2013), it ap-
pears that Golgi-associated RhoBTB3-CULS3 targets a different
pool of Cyclin E that is unphosphorylated.

In the SCF ubiquitylation pathway, mutations in, or down-
regulation of Fbw7 result in defective proteolysis and up-regula-
tion of Cyclin E, which is implicated in oncogenesis (Hwang and
Clurman, 2005; Welcker and Clurman, 2008). Indeed, high Cy-
clin E levels portend a poor prognosis in breast cancer (Enders,
2002; Keyomarsi et al., 2002). Our work suggests that down-
regulation or mutations in RhoBTB3 may facilitate tumorigenesis
by decreasing Cyclin E ubiquitylation and its subsequent degra-
dation. Thus, RhoBTB3 may function as a tumor suppressor that
regulates cell cycle progression by controlling Cyclin E levels as
a substrate adaptor for a CUL3-ubiquitin ligase complex.

Why is Cyclin E regulation linked to the Golgi? Prolifer-
ating cells must grow past a certain cell size threshold in order
to enter S phase (Jorgensen and Tyers, 2004). During active
cell growth in G1, the Golgi plays an important role as a source
of de novo membrane supply to increase the cell surface, which
is a limiting factor for cell growth (McCusker and Kellogg,
2012). Therefore, it is possible that Golgi-mediated secretion is
coupled to cell cycle progression at early stages of the cell
cycle. In this context, RhoBTB3 may participate in sensing
when the cell size threshold has been reached, and then target
Cyclin E and other Golgi substrates for modification. In sum-
mary, these findings provide new detail to an unexpectedly
Golgi-templated ubiquitylation pathway that contributes to the
regulation of S phase of the mammalian cell cycle.

Materials and methods

Plasmids

The expression construct for RhoBTB3 with an N-terminal Myc tag was de-
scribed previously (Espinosa et al., 2009). Fulllength RhoBTB3 was ampli-
fied and ligated into pEGFP-C1 (Takara Bio Inc.) and into a modified
pCS2+ vector (Invitrogen) containing a 3XFLAG tag at the N terminus

(pCS2-3XFLAG). Site-directed mutagenesis was used to generate Myc-
tagged RhoBTB3 truncations (Fig. 5 A). Cyclin E1 was amplified by PCR
from a pCS2-Cyclin E1 expression vector (from M. Nachury, Stanford Uni-
versity, Stanford, CA) and ligated into pEGFP-N1 (Takara Bio Inc.), pCS2-
3XFLAG, and a modified pcDNA3 vector (Invitrogen) with an N-terminal
Myc tag (pcDNA3-Myc). Cyclin A2 was amplified by PCR from a pcDNA3-
Ha-Cyclin A2 expression vector (giff of M. Nachury) and ligated into
pEGFP-N1 (Takara Bio Inc.) and pcDNA3-Myc. Cyclin B1-YFP and CDK2-
HA constructs were provided by J. Ferrell and D. Felsher (Stanford Univer-
sity, Stanford, CA), respectively. p3XFLAG-CUL3 was a gift of J. Roberts
(Fred Hutchinson Cancer Research Center, Seattle, WA) and pEF-HA-Ubiquitin
was from Z. Chen (University of Texas Southwestern, Dallas, TX). Myc-
GRASP55 construct was provided by V. Malhotra (Centre for Genomic
Regulation, Barcelona, Spain). The 2XHA-RBX1 construct was purchased
from Addgene.

Cell culture and transfections

Hela, HEK293T, and U20S cells were grown in DMEM containing 10%
fetal calf serum (FCS), antibiotics, and glutamine. DMEM and FCS were
purchased from Invitrogen. Transient transfection was performed using
Fugene 6 (Promega) or polyethyleneimine (Polysciences) for experiments
using Hela or HEK293T cells, respectively. Cells were used 12-48 h after
transfection. All siRNAs were transfected using Dharmafect (Thermo Fisher
Scientific) for 24, 48, or 72 h, as indicated. For transfection of constructs
after siRNA treatment, cells were transfected usually 24 or 48 h after
siRNA addition.

Antibodies and siRNAs

Antibodies were purchased as follows: rabbit anti-RhoBTB3 (Proteintech
Group) requires blocking in 5% BSA-TBST; mouse anti-Myc (clone 9e10);
chicken anti-Myc (Bethyl Laboratories, Inc.); mouse anti-FLAG (Sigma-
Aldrich); rabbit anti-HA (Abcam); mouse anti-Cyclin E (BD) was used for
immunoblotting; mouse monocolonal anti-Cyclin E (clone HE12; Santa
Cruz Biotechnology, Inc.) was used for immunofluorescence; rabbit anti—
Cyclin A2, -Cyclin B1, and mouse anti-ubiquitin (Santa Cruz Biotechnology,
Inc.); mouse antiRb (from J. Sage, Stanford University, Stanford, CA); rab-
bit anti-phospho-Rb (GeneScript); rabbit anti-GFP (Invitrogen); mouse anti—
artubulin and anti—ytubulin (Sigma-Aldrich); rabbit anti-GCC185 (Reddy
et al., 2006); anti-GM130 (BD); and rabbit anti-Fbw7 (Novus Biologicals).
A small recombinant Histagged, 13-kD GFP-binding protein comprising
the epitope recognition domain of a single, heavy chain antibody raised in
an alpaca against GFP was purified (Rothbauer et al., 2008). Sequences
of siRNAs used were: control, 5-GUUCAAUAGGCUUACUAAUUU-3’;
RhoBTB3 #1, 5" AGGAAGAAGUUGAAAGAUUUU-3’ (for experiments in
Figs. 1,2, 6,7,8,S1,S2, and S3); RhoBTB3 #2, 5'-GGGAAGAAUUG-
GAAGAAGAUU-3’ (for experiments in Figs. 2, 7 and S2); TRITC-RhoBTB3
siRNA (Espinosa et al., 2009; for experiments in Figs. 1 and S1); Cyclin
E1 siRNA, 5-CAGCCAAACUUGAGGAAAUUU-3’; CUL3, 5'-GGUGAU-
GAUUAGAGACAUAUU-3’; and siRNA for Fbw7 exon 10 (van Drogen
et al., 2006). All siRNAs were transfected using Dharmafect (Thermo
Fisher Scientific) for 48 or 72 h, as indicated. For transfection of constructs
after siRNA treatment, cells were transfected usually 24 or 48 h after
siRNA addition.

Microscopy and data analysis

For immunofluorescence, cells grown on coverslips were fixed with 3.7%
paraformaldehyde or with 100% methanol at —20°C (for anti—y-tubulin or
anti-Cyclin E). After this, cells were permeabilized with 0.1% Triton X-100,
and blocked with 1% BSA in PBS for 15 min at 37°C. Cells were incubated
with the indicated primary antibodies, subsequently with secondary anti-
bodies labeled with Alexa Fluor 488, 594, or 647 (Molecular Probes) or
Cy5 (Jackson ImmunoResearch Laboratories. Inc.), and finally coverslips
were mounted with Mowiol (EMD Millipore). Confocal images were ac-
quired at room temperature using a confocal scanner (TCS SP2 SE; Leica)
in conjunction with an upright scope (DM6000 B; Leica) with an HCX PL
Apochromatic 63x/NA 1.4 objective (Leica), a confocal control box (CTR
6000; Leica), and Leica Control software. Unbiased, automatic quantifica-
tions of images (Fig. 6, B and C; Fig. S1 C) were performed with CellPro-
filer 2.0 software. For nuclear Cyclin E quantification, nuclear regions
were identified by DAPI, and integrated fluorescence intensity and nuclear
area were defermined. Statistical analysis was conducted by a Student's
test. In some rescue experiments (Fig. 6 H), cell area was measured using
Image) (National Institutes of Health). Finally, Golgi fragmentation was
scored visually and results were normalized to the control condition. For
in vivo video microscopy, cells treated for 48 h with either control or RhoBTB3
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#1 siRNA were imaged every 3.5 min for 15 h using an inverted micro-
scope (Axio Observer Z1; Carl Zeiss) fitted with an LD Plan-Neofluar
20x/0.4 Korr Ph1 Ph2 objective and a CCD camera (AxioCam MRm;
Carl Zeiss) controlled by Axiovision 4.8 software (Carl Zeiss). The micro-
scope was equipped with an incubation system with 37°C temperature
and CO;, control. Data were analyzed with Image).

Flow cytometry

Hela cells were treated with either control or RhoBTB3 #1 siRNA. After 24,
48, and 72 h cells were harvested and washed before fixation in 70% eth-
anol. After this, cells were washed and stained with a phosphate-buffered
saline (PBS) solution containing 50 pg/ml propidium iodide (Pl) and
100 pg/ml propidium RNase A. Cells were assayed on a FACS analyzer
(FACScan; BD) and data were analyzed using Flowjo software (Tree Star).

Immunoprecipitations

HEK293T cells overexpressing indicated constructs were harvested after 12—
36 h and lysed in lysis buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM
MgCl,, and 1% Triton X-100) supplemented with protease inhibitors. After
centrifugation at 12,000 g for 10 min, protein concentrations were measured
in the lysates. Equal amounts of extracts were precleared with protein A-
Sepharose beads (GE Healthcare) at 4°C for 30 min. The precleared extracts
were incubated with either GFP-binding protein—conjugated agarose or anti-
FLAG antibody-conjugated agarose for 1-2 h at 4°C. Immobilized proteins
were washed with lysis buffer, eluted with 2x Laemmli buffer, and subjected to
SDS-PAGE. For immunoprecipitations using membrane fractions, cells were
swollen in hypotonic buffer (10 mM Hepes, pH 7.4) for 10 min on ice. Imme-
diately after this, cells were homogenized by 15 passages through a
25-gauge needle in cold homogenization buffer (10 mM Hepes, pH 7.4,
150 mM KCl, 5 mM MgCl,, 1 mM EDTA, and 1 mM ATP) supplemented with
protease inhibitors. Cell homogenates were then spun at 800 g for 5 min at
4°C to obtain a postnuclear supernatant (PNS) fraction. Next, PNS fractions
were centrifuged at 100,000 g at 4°C to pellet membranes. Membrane frac-
tions were solubilized in cold homogenization buffer containing 1% Triton X-
100. After this, membrane extracts were used as described above. In some
experiments (Fig. 3 A), bands from immunoprecipitation blots were quantified
using Image), and data were analyzed by a Student's t test.

Protein expression and purification of recombinant proteins

GST-Cyclin E was expressed and purified as the binary complex but without
detergent. For purification of a CUL3-RBX1 binary complex, GST-CUL3 and
2HA-RBX constructs were cotransformed into BL21 (DE3) Rosetta Il cells and
cultures (ODgoo = 0.6) were induced with 0.1 mM IPTG for 18 h at 16°C.
Cells were resuspended in 50 mM Hepes, pH 7.4, 300 mM NaCl, 1 mM
DTT, 5 mM MgCl,, 0.5% Triton X-100, and full protease inhibitor cocktail
and lysed by two passes at >10,000 Ib/in? in an EmulsiFlex-C5 apparatus
(Avestin). Lysates were clarified by centrifugation twice at 20,000 rpm for
20 min each in a rofor (JA 20; Beckman Coulter). Clarified lysates were
incubated with glutathione 4B-Sepharose beads (GE Healthcare) for 1 h
at 4°C, washed with 50 vol of 50 mM Hepes, pH 7.4, 300 mM NaCl,
1 mM DTT, and 5 mM MgCl,, and eluted with 50 mM Hepes, pH 7.4,
300 mM NaCl, 1 mM DTT, 5 mM MgCl,, and 20 mM glutathione. For in
vitro reconstitution of RhoBTB3-CUL3-RBX1 complexes, a FLAG-RhoBTB3
construct was transformed into BL21 (DE3) Rosetta Il cells, and cultures
(ODgoo = 0.6) were induced with 0.1 mM IPTG for 18 h at 16°C. Cells were
resuspended in 50 mM Hepes, pH 7.4, 300 mM NaCl, T mM DTT, 5 mM
MgCly, 0.5% Triton X-100, and full protease inhibitor cocktail and lysed by
two passes at >10,000 Ib/in? in an EmulsiFlexC5 apparatus (Avestin). Lysates
were clarified by centrifugation twice at 20,000 rpm for 20 min each in a
rotor (JA 20; Beckman Coulter). Clarified lysates were incubated with anti-
FLAG M2 antibody—conjugated agarose (Sigma-Aldrich) for 2 h at 4°C, and
then washed with 50 vol of 50 mM Hepes, pH 7.4, 300 mM NaCl, 1T mM
DTT, and 5 mM MgCl,. After this, excess CUL3-RBX1 binary complex was
mixed with purified FLAG-RhoBTB3 bound to anti-FLAG antibody—conjugated
agarose for 90 min at 4°C followed by a 50-vol wash with 50 mM Hepes,
pH 7.4, 300 mM NaCl, T mM DTT, and 5 mM MgCl, to remove unbound
CUL3-RBX1. Finally, RhoBTB3-CUL3-RBX1 ternary complexes were eluted
with 50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM DTT, T mM MgCl,,
and 0.2 mg/ml FLAG peptide (Sigma-Aldrich). Stoichiometry of purified
binary and ternary complexes was analyzed by SDS-PAGE, Coomassie blue
staining, and immunoblotting. Proteins were stored on ice.

Isolation of mammalian RhoBTB3<V/R¥X1 complexes

RhoBTB3-CUL3-RBX1 complex was purified using anti-FLAG M2 agarose
beads (Sigma-Aldrich) from lysates of HEK293T cells transfected with
FLAG-CUL3, MycRhoBTB3, and 2XHAROC1. RhoBTB3-deficient complexes
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were immunopurified from HEK293T cells transfected with FLAG-CUL3 and
2XHA-RBX1 and treated with RhoBTB3 siRNA (#1 and #2) for 72 h. Com-
plexes bound on beads were eluted by incubation with FLAG peptide
(Sigma-Aldrich) overnight. Human FLAG-Cyclin E1 was also purified from
HEK293T cells as described above. Relative yields of both complexes and
Cyclin E immunopurifications were analyzed by immunoblotting.

In vitro ubiquitylation assay

Purified GST-Cyclin E and complexes were incubated at 30°C for 1 h in @
40-pl reaction mixture containing 50 mM Tris-HCl, pH 7.5, 1 mM MgCl,,
0.5 pg/pl ubiquitin, 2 pM ubiquitin aldehyde, 10 pM MG132, 1 mM ATP,
2 mM NaF, 1 mM DTT, 7.5 mM creatine phosphate, 40 mU/pL creatine
phosphokinase, 2 ng/pl yeast E1, and 20 ng/pL E2 (UbcH5a). All ubiqui-
tin-related reagents were purchased from Boston Biochemicals. For reactions
performed with bacterially expressed components, complexes were added
at 100 nM based on Cullin 3 concentration.

Online supplemental material

Fig. S1 shows increased nuclear size and micronuclei number upon
RhoBTB3 depletion. Fig. S2 shows that Cyclin E1 increases upon depletion
of RhoBTB3. Fig. S3 shows that overexpression of CDK2 with Cyclin E1 or
Myc-RhoBTB3 causes Golgi fragmentation, and depletion of either Cyclin
E1 or RhoBTB3 causes Golgi disruption. Fig. S4 shows that CUL3 depletion
leads to Golgi fragmentation and enlarged cell/nuclear size. Fig. S5
shows the subcellular distribution of Cyclin E in Hela or HEK293T cells,
before or after transfection with Cyclin E1. Video 1 shows timelapse
phase-contrast video microscopy of Hela cells after 48 h with control or
RhoBTB3 siRNA. Online supplemental material is available at http://www
.jcb.org/cgi/content/full /icb.201305158/DC1.
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