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Background: Retinoblastoma protein (RB) is frequently targeted for proteasomal degradation by oncoproteins.

Results: NRBE3 promotes RB degradation as an E3 and is transcriptionally activated by E2F1.

Conclusion: NRBE3 is an E3 ubiquitin ligase for RB and regulates the cell cycle.

Significance: This study identified a novel E3 ubiquitin ligase for RB that might be a potential oncoprotein in human cancers.

Retinoblastoma protein (RB) plays critical roles in tumor sup-
pression and is degraded through the proteasomal pathway.
However, E3 ubiquitin ligases responsible for proteasome-me-
diated degradation of RB are largely unknown. Here we charac-
terize a novel RB E3 ubiquitin ligase (NRBE3) that binds RB and
promotes RB degradation. NRBE3 contains an LXCXE motif
and bound RB iz vitro. NRBE3 interacted with RB in cells when
proteasome activity was inhibited. NRBE3 promoted RB ubiq-
uitination and degradation via the ubiquitin-proteasome path-
way. Importantly, purified NRBE3 ubiquitinated recombinant
RB in vitro, and a U-box was identified as essential for its E3
activity. Surprisingly, NRBE3 was transcriptionally activated by
E2F1/DP1. Consequently, NRBE3 affected the cell cycle by pro-
moting G,/S transition. Moreover, NRBE3 was up-regulated in
breast cancer tissues. Taken together, we identified NRBE3 as a
novel ubiquitin E3 ligase for RB that might play a role as a poten-
tial oncoprotein in human cancers.

The retinoblastoma susceptibility gene (Rb)* is the first
tumor suppressor gene to be cloned (1). Rb was originally iden-
tified by its absence in hereditary cases of retinoblastoma (2, 3).
RbD loss is also found in a variety of cancers such as small cell
lung carcinoma (~90%) (4) and osteosarcoma (~50%) (1, 5, 6).
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In addition, homozygous mutation of Rb is embryonic lethal
with defective development of neurons, liver, and erythrocytes
(7, 8). Mice carrying a single Rb mutant allele are prone to
develop tumors of the pituitary and thyroid glands (7, 9, 10). RB
protein is a major negative regulator of multiple cellular pro-
cesses including cell cycle, differentiation, and apoptosis (11—
13). RB exerts its tumor suppressor function in the hypophos-
phorylated form through arresting cells at G, of the cell cycle by
interacting and suppressing the activity of the transcription fac-
tors E2Fs (13-15). During G, of the cell cycle, mitogens pro-
mote activation of cyclin-dependent kinase (CDK)-cyclin com-
plexes that phosphorylate RB. Phosphorylation of RB releases
E2Fs to activate its downstream genes, which are essential for
G, /S transition of cell cycle, and eventually drives cell prolifer-
ation (12, 16 —19). Given its central role in regulating cell cycle
and proliferation, inactivation of RB is one of the most funda-
mental events in cancer.

The functions of RB are impaired in a variety of cancers by
different mechanisms. For example, cyclin D is up-regulated in
cancers, which inactivates RB through phosphorylation by
increased cyclin D/CDK4/CDKG®6 activity (20). LXCXE-contain-
ing proteins such as viral oncoproteins including E1A, SV40
large T antigen, and human papilloma virus early protein 7
(HPV E7) and cellular proteins RBP-1 and RBP-2 inactivate RB
by binding RB and disrupting the interaction of RB with E2F1
(21-25). It is of importance that multiple viral oncoproteins
transform cells by inducing proteasome-mediated degradation
of RB during tumorigenesis including the high risk HPV E7
(26), human cytomegalovirus (CMV) pp71 protein (27),
Epstein-Barr virus nuclear antigen EBNA3C (28), hepatitis C
virus N55B (29), and human T-lymphotropic virus type 1 Tax
oncoprotein (30). In addition, two cellular oncoproteins,
MDM2 and gankyrin, also promote proteasomal degradation of
RB (31-33).

Proteasome-mediated protein degradation plays essential
roles in the biological functions of cells and in tumorigenesis.
Ubiquitin-dependent proteasomal degradation involves poly-
ubiquitination of substrate catalyzed by an enzymatic cascade
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including the activation of ubiquitin-activating enzyme E1,
ubiquitin-conjugating enzyme E2, and ubiquitin ligase E3
before substrate protein is degraded in the proteasome (34). By
binding specifically to the substrates and facilitating the correct
transfer of ubiquitin from E2 to the substrates (35, 36), ubiqui-
tin E3 ligases for tumor suppressors play crucial roles during
tumorigenesis. For example, the E3 ligases for p53 including
MDM?2, Pirh2, COP1, and TRIM24 have been found to play
oncogenic roles (37—44). Given the important role of RB in
tumor suppression, the above mentioned viral and cellular
oncoproteins transform cells by promoting RB degradation.
However, E3 ubiquitin ligases responsible for proteasome-me-
diated degradation of RB are largely unknown.

Transformation of rodent fibroblasts is a frequently used
experimental approach to study the biological functions of
oncoproteins. KIAA0649 transforms mouse NIH3T?3 fibroblast
cells as we described previously (45). However, the biological
processes involved in cell transformation by KIAA0649 are
poorly understood. Bioinformatics analysis suggested that
KIAA0649 harbored an RB-binding motif, LXCXE. In this
study, we identify KIAA0649 as a novel RB E3 ubiquitin ligase
(NRBE3) that binds RB, promotes RB degradation, and is tran-
scriptionally activated by E2F1.

Experimental Procedures

Reagents and Plasmids—Plasmids encoding GST-RB fusion
protein and its deletion mutants GST-RBLP (aa 379-928),
GST-RB (A+B) (aa 379-792), and GST-RBC (aa 792-928);
FLAG-NRBE3 and deletion mutants; pCI-neo-FLAG-HPV E7;
pCMV-HA-Ub; pCMV-HA-K48R-Ub; and pGL3-NRBE3-Luc
were cloned in our laboratory. These constructed plasmids
were verified by DNA sequencing. MG132 was purchased from
Calbiochem. Cycloheximide was purchased from Sigma. Lipo-
fectamine 2000"™ was from Invitrogen. Polyclonal anti-NRBE3
antibody was developed in our laboratory (46). Monoclonal
antibody against RB was purchased from Pharmingen (G3-245)
and Santa Cruz Biotechnology (C-15). Antibodies against 3-ac-
tin and GFP were purchased from Santa Cruz Biotechnology.
Antibody against FLAG (M2) was obtained from Sigma. Perox-
idase-conjugated goat anti-mouse, goat anti-rabbit secondary
antibodies, FITC-conjugated goat anti-mouse/rabbit, and
TRITC-conjugated goat anti-rabbit/mouse IgGs were obtained
from Zhongshan Co. (China).

Cell Culture and Transfection—HeLa, MCEF-7, U20S,
HCT116,and H1299 cells were grown in DMEM supplemented
with 10% fetal bovine serum (FBS). Cells were incubated in a
humidified atmosphere with 5% CO, at 37 °C. Transfection was
performed with Lipofectamine 2000 according to the manufacturer’s
instruction. The sequences of siRNAs were as follows:
NRBE3 siRNA-1, 5'-CGCUUCUCCAGUGGUUGCU-3’;
NRBE3 siRNA-2, 5"~ AACUUGUACCUGGAUCAGGUG-
3’; NRBE3 siRNA-3, 5'-AAUUCCGCCAAGUCACUCUUG-
3’; and control siRNA, 5'-CGUACGCGGAAUACUUCGA-3’
47).

Western Blot Analyses—Whole cell lysates were prepared in
EBC250 buffer (32). Proteins from cell lysate were separated by
SDS-PAGE and transferred onto PVDF membrane (Amersham
Biosciences). Blots were hybridized with appropriate antibod-
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ies after being blocked with 5% milk in PBS/T (0.5% Tween 20 in
phosphate-buffered saline). After extensive washing with
PBS/T, blots were incubated with HRP-conjugated secondary
antibodies. Immunocomplexes were detected with the ECL kit
(GE Healthcare) before exposure to x-ray film.

GST Pulldown Assay—GST pulldown assays were performed
as described previously(48). In brief, GST and GST-RB fusion
proteins were expressed in Escherichia coli and immobilized on
glutathione-Sepharose beads. FLAG-tagged NRBE3 proteins
were transcribed/translated with TNT® lysate according to the
instructions of the manufacturer (Promega) and incubated with
GST or GST fusion proteins immobilized on glutathione-Sep-
harose beads. The GST fusion protein-bound FLAG-NRBE3
proteins were evaluated by Western blotting with anti-FLAG
antibody. Amounts of input GST or GST fusion proteins were
confirmed as equal by staining the protein gel with Coomassie
Brilliant Blue R-250.

Immunoprecipitation—Cell lysates were prepared in buffer A
(25 mm Tris-Cl, pH 7.5, 100 mm KCI, 1 mm dithioerythritol, 2
mwm EDTA, 0.5 mm phenylmethylsulfonyl fluoride, 0.1% Non-
idet P-40). Cell lysates used for in vivo ubiquitination assays
were prepared in lysis buffer A (33). Cell lysates were used
directly for immunoprecipitation. Antibody was coupled with a
50% suspension of protein A-Sepharose beads (Amersham Bio-
sciences) in IPP500 (500 mm NaCl, 10 mm Tris-Cl, pH 8.0, 0.1%
Nonidet P-40). Coupled beads were incubated with cellular
extracts for 2 h at 4 °C. After washes, precipitated proteins were
evaluated by Western blotting.

Immunofluorescence—Immunofluorescence was performed
as described previously(48). In brief, cells were plated on cov-
erslips in 6-well plates. Cells were washed with PBS and fixed
with methanol/acetone (1:1) at —20 °C for 20 min. Cells were
blocked with 10% goat serum and incubated with appropriate
antibodies in 3% goat serum at 4 °C overnight. After washes
with PBS, cells were incubated with TRITC-conjugated goat
anti-mouse/rabbit IgG and FITC-conjugated goat anti-rabbit/
mouse IgG. The immunofluorescence signals were recorded by
confocal laser-scanning microscopy (Leica TCS-ST2).

In Vitro Ubiquitination Assays—FLAG-NRBE3-His and
FLAG-NRBE3(Aaa225-240)-His were produced in insect Sf9
cells using Bac-to-Bac® Baculovirus Expression System (Invit-
rogen). These proteins were purified using nickel-nitrilotri-
acetic acid beads (Qiagen). The reactions were carried out at
30 °C for 1 h in a 40 ul of reaction buffer (50 mm HEPES, pH8.0,
0.5 mm DTT) containing 4 ul of 10X Energy solution (Boston
Biochem catalog number K-960), 2 pg of ubiquitin (Boston
Biochem catalog number K-960), 50 ng of recombinant human
full-length RB (Active Motif Co. catalog number 31128), 50 ng
of purified FLAG-NRBE3 or 50 ng of purified FLAG-
NRBE3(Aaa225-240), 10 ug of Conjugation Fraction A (con-
taining purified predominantly E1 and E2 enzymes, Boston
Biochem catalog number K-960), and 1 pg of ubiquitin alde-
hyde (Boston Biochem catalog number U-201). The reactions
were terminated, and the proteins were subjected to immuno-
blotting using specific monoclonal RB antibody.

Luciferase Assays—pGL3-NRBE3 promoter-luciferase re-
porter plasmid (pGL3-NRBE3-Luc) was co-transfected into
293 cells with E2F1 alone and/or DP1. The Renilla luciferase
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control reporter vector (Promega) was used in each transfec-
tion for normalizing transfection efficiency. After 24 h of trans-
fection, the cells were harvested using Passive Lysis Buffer
(Promega), and luciferase activity was assayed using the Dual-
Luciferase® Reporter Assay System (Promega) with a Berthold

luminometer (Berthold, Wildbad, Germany) according to the
manufacturers’ instructions. Data are presented as relative
luciferase activity compared with the pGL3-Basic control,
which is normalized to 1.0. Experiments were repeated at least
three times in triplicates.
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Flow Cytometry Cell Cycle Analysis—Exponentially growing
cells were trypsinized and collected by centrifugation. After
washes with PBS, cells were resuspended in 70% ice-cold etha-
nol and kept at 4 °C overnight. Cells were rehydrated in PBS at
a density of 1 X 10° cells/ml. Following RNase digestion, cells
were stained with 50 wg/ml propidium iodide. Flow cytometry
analysis was performed using red (propidium iodide) emission
(at 630 nm). The data from 10* cells were collected and ana-
lyzed using CellQuest software (BD Biosciences).

Tissue Collection and Sample Preparation—Breast cancer
tissues and adjacent non-cancerous breast tissues were col-
lected from 16 breast cancer patients who underwent tumor
resection at the Third Clinical Medical College of Peking
University. None of these patients received any antineoplas-
tic therapy prior to surgery. After resection, specimens were
rinsed thoroughly in ice-cold normal saline and snap frozen
in liquid nitrogen. Access to human tissues complied with
the guidelines of the Ethics Committee of Peking University.
For each sample, tissue was homogenized in 3 volumes of
lysis buffer (50 mm Tris-Cl, pH7.5, 2 mm EDTA, 150 mMm
NacCl, 0.5 mm DTT) on ice using a Polytron homogenizer.
The samples were centrifuged for 30 min at 10,000 X g to
remove particulate materials. Protein concentrations were
determined by the Bradford method (Bio-Rad) and subjected
to Western blot analysis.

Results

NRBE3 Interacted with RB in Vitro and in Vivo—Bioinfor-
matics analysis showed that NRBE3 contained an RB-binding
sequence, LXCXE (Fig. 14). To investigate whether NRBE3
binds RB, GST pulldown was performed with in vitro tran-
scribed/translated FLAG-NRBE3 and E. coli-expressed GST-
RB fusion proteins. FLAG-NRBE3 interacted with the large
pocket of RB, whereas no interaction between NRBE3 and RB
(A+B) or RB C-pocket was observed (Fig. 1B). The RB-binding
domain of NRBE3 was further narrowed down by GST pull-
down experiments using iz vitro translated FLAG-NRBE3 dele-
tion mutants (Fig. 1C, upper left) and E. coli-expressed GST-
RBLP fusion protein. Both the N terminus containing residues
1-681 and the C terminus containing residues 805-1209 of
NRBE3 bound the large pocket of RB (Fig. 1C, upper right).

NRBE3 Degrades RB and Is Transactivated by E2F 1

Because residues 1- 681 of NRBE3 contained an LXCXE motif,
we wanted to know whether the LXCXE motif was responsible
for the interaction with RB. We constructed LXCXE motif-mu-
tated plasmid FLAG-NRBE3aal-681-RXRXH and performed
GST pulldown with in vitro transcribed/translated FLAG-
NRBE3aal-681-RXRXH and E. coli-expressed GST-RB fusion
proteins. The results showed that FLAG-NRBE3aal-681-
RXRXH lost the capability of binding RB (Fig. 1C, lower panel),
demonstrating that the LXCXE motif was required for the N
terminus of NRBE3 to bind RB.

To verify whether NRBE3 interacts with RB in cells, immu-
noprecipitation was performed. However, RB was not found in
the immunocomplexes of either endogenous NRBE3 or ectop-
ically expressed FLAG-NRBE3 under normal culture condi-
tions (Fig. 1D, upper panel). We therefore transfected cells with
FLAG-NRBE3 and treated cells with a proteasome inhibitor,
MG132, before harvest of cells and performed immunoprecipi-
tation. It was plausible that NRBE3 and RB interacted with each
other in cells when the proteasome was inhibited, suggesting
that NRBE3 might promote RB degradation through protea-
some. Importantly, the majority of RB co-precipitated with
FLAG-NRBE3 was hypophosphorylated RB, whereas both
hypo- and hyperphosphorylated RB were observed in the RB-
specific immunoprecipitate, demonstrating that the active RB
interacted with NRBE3 in cells (Fig. 1D, lower panel). To con-
firm this result, we transfected cells with FLAG-NRBE3 or
FLAG vector plasmids, and immunoprecipitation was per-
formed with anti-FLAG or anti-RB antibodies after cells were
treated with MG132 or dimethyl sulfoxide. FLAG-NRBE3 asso-
ciated with RB only when cells were treated with MG132 (Fig.
1E), suggesting that NRBE3 might promote RB degradation in
the proteasome.

Next, we wanted to know in which cellular compartment
NRBE3 interacted with RB. We first determined the localiza-
tion of endogenous NRBE3 and ectopically expressed FLAG-
NRBE3. FLAG-NRBE3 showed the same sparkle pattern in the
nucleus as endogenous NRBE3 (Fig. 1, F and G). To determine
whether NRBE3 co-localizes with RB, indirect immunofluores-
cence staining of endogenous NRBE3 and RB was performed,
and the overlapping signals of NRBE3 and RB were quantified

FIGURE 1. NRBE3 interacted with RB in vitro and in vivo. A, schematic structure of NRBE3. The alignment of the LXCXE sequence in NRBE3 was plotted with
thatin HPV16 E7, AD5 E1A, SV40 large T antigen, cyclin D1, and gankyrin by ClustalW. B, GST pulldown was performed with E. coli-expressed GST or GST-RBLP,
GST-RB (A+B), or GST-RBC fusion protein and in vitro transcribed/translated FLAG-NRBE3 protein. GST-RB-binding FLAG-NRBE3 proteins were evaluated by
Western blotting with anti-FLAG antibody M2 (upper panel). Ten percent of the FLAG-NRBE3 protein was loaded as input control. GST or GST-RB deletion
mutant proteins used in the GST pulldown experiment were stained with Coomassie Brilliant Blue R-250 as a loading control (lower panel). C, GST pulldown was
performed with E. coli-expressed GST or GST-RBLP fusion proteins and in vitro transcribed/translated FLAG-NRBE3 and its deletion mutant proteins. GST-RBLP-
binding FLAG-NRBE3 proteins were evaluated by Western blotting with anti-FLAG antibody M2 (right). Ten percent of FLAG-NRBE3 protein was loaded as input
control. Schematic structures of FLAG-tagged NRBE3 deletion mutants are shown on the left. D, U20S cells were transfected with FLAG-NRBE3, and immuno-
precipitation was performed with anti-RB antibody (left) or anti-FLAG antibody (right). Immunoprecipitated RB and FLAG-NRBE3 proteins were evaluated by
Western blotting with anti-RB or anti-FLAG antibody. Mouse IgG was used as a nonspecific antibody control. Five percent of cellular extracts forimmunopre-
cipitation was loaded as input control. U20S cells were transfected with FLAG-NRBE3, and cells were treated with the proteasome inhibitor MG132 for 4 h
before harvest (lower). E, U20S cells were transfected with FLAG-NRBE3 or FLAG, and immunoprecipitation were performed as described in D. F, HeLa cells were
transfected with FLAG-NRBE3 expression plasmid. Cells were fixed 24 h post-transfection, and double immunofluorescence staining was performed with
monoclonal anti-FLAG antibody M2 and polyclonal anti-NRBE3 antibody. Immunocomplexes were probed with TRITC-conjugated goat anti-mouse IgG and
FITC-conjugated goat anti-rabbit IgG. Scale bars represent 16 um. G, Hela cells were fixed, and immunofluorescence staining was performed with polyclonal
anti-NRBE3 antibody. TRITC-conjugated goat anti-rabbit IgG was used as the secondary antibody. Scale bars represent 16 um. H, double immunofluorescence
staining was performed with mouse monoclonal anti-RB and rabbit polyclonal anti-NRBE3 antibodies in HeLa cells. TRITC-conjugated goat anti-rabbit IgG and
FITC-conjugated goat anti-mouse IgG were used as secondary antibodies. Scale bars represent 25 um. I, HelLa cells were treated with MG132 before double
immunofluorescence and immunofluorescence staining was performed as described in H. Nuclei were stained with DAPI. Scale bars represent 25 um. The
image was taken under confocal microscopy. Rr refers to the Pearson correlation coefficients. migG, mouse IgG; IP, immunoprecipitation; /B, immunoblot,
DMSO, dimethyl sulfoxide; Hypo, hypophosphorylated; Hyper, hyperphosphorylated.
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FIGURE 2. Expression of NRBE3 resulted in an active proteolysis of RB. A,
U20S cells were transfected with increasing amounts of FLAG or FLAG-NRBE3
plasmid and the same dose of GFP plasmid. Western blotting was performed
with proteins from cell lysates. The upper part of the blot was probed with
anti-FLAG, and the lower part was probed with anti-RB antibody. GFP was
evaluated as a transfection efficiency control, and B-actin was evaluated as a
loading control. LE, long exposure bands; SE, short exposure bands. B, U20S
cells were transfected with FLAG-NRBE3 expression plasmid. Cells were fixed
24 h post-transfection, and double immunofluorescence staining was per-
formed with monoclonal anti-RB antibody and polyclonal anti-NRBE3 anti-
body. Immunocomplexes were probed with TRITC-conjugated goat anti-rab-
bit IgG and FITC-conjugated goat anti-mouse IgG. Nuclei were stained with
DAPI. The image was taken under confocal microscopy. Scale bars represent
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by Pearson correlation coefficient using a standard technique
(49). Results showed that endogenous NRBE3 co-localized par-
tially with RB in the nucleus under normal culture conditions
(Pearson correlation coefficient = 0.763—0.5) (Fig. 1H), and
MG132 treatment strongly enhanced the co-localization of
NRBE3 with RB in the nucleus (Pearson correlation coeffi-
cient = 0.864), further confirming that NRBE3 associated with
RB when proteasome is inhibited.

NRBE3 Resulted in an Active Proteolysis of RB Protein—
Immunoprecipitation experiments showed that NRBE3 inter-
acted with RB only when proteasome was inhibited; thus we
speculated that NRBE3 might affect RB function through the
proteasomal pathway. We first determined whether NRBE3
affects RB protein levels. As shown in Fig. 24, ectopic expres-
sion of FLAG-NRBE3 resulted in decreased levels of endoge-
nous RB protein in a dose-dependent manner. The NRBE3-
caused decrease of RB protein was further confirmed by
indirect immunofluorescence staining, which showed that the
endogenous RB protein level in FLAG-NRBE3 transfected cells
was lower than that in the untransfected cells (Fig. 2B). In con-
trast, knockdown of endogenous NRBE3 caused increased RB
protein levels (Fig. 2C).

To test whether NRBE3-induced RB reduction is due to a
decrease of protein stability, the half-life of RB protein was
determined in the presence or absence of FLAG-NRBE3.
FLAG-NRBE3 was transfected into U20S cells, and RB levels
were evaluated by Western blotting at different time points
after de novo protein synthesis was blocked by cycloheximide.
The half-life of RB was reduced from more than 24-h to less than
3 hwhen FLAG-NRBE3 was ectopically expressed (Fig. 2D). As
expected, the half-life of RB protein was prolonged to more
than 72 h in U20S cells when NRBE3 was knocked down (Fig.
2E). These results demonstrate that NRBE3 promoted a rapid
protein degradation of RB.

NRBE3 Promoted RB Protein Degradation through Protea-
some-Ubiquitin Pathway—To verify whether NRBE3-induced
RB degradation is proteasome-dependent, H1299 cells were
transfected with FLAG-NRBE3, and cells were treated with
MG132 before harvest. The results of Western blotting
showed that FLAG-NRBE3 promoted RB degradation, and
this FLAG-NRBE3-induced RB degradation was blocked by
MG132 treatment, demonstrating that NRBE3 promoted RB

50 um. C, HCT116 cells were transfected with NRBE3-specific siRNAs or a
control siRNA, respectively. Western blotting was performed with proteins
from cell lysates. The upper part of the blot was probed with anti-NRBE3 anti-
body, and the lower part was probed with anti-RB antibody. 3-Actin was eval-
uated as a loading control. -Fold induction of the relative protein levels of RB
is summarized from three independent experiments. Error bars represent S.E.
*,p < 0.05 versus untreated cells (right panel). D, U20S cells were transfected
with either FLAG-NRBE3 or FLAG vector plasmid. Cells were treated with 10
ng/ml cycloheximide at 16 h post-transfection. Cells were harvested at the
indicated time points, and cell lysates were prepared. Proteins from cell
lysates were subjected to Western blotting with anti-FLAG and anti-RB anti-
bodies as described in A (upper panel). GFP and B-actin were evaluated as
transfection efficiency and loading controls, respectively. Relative RB levels
were plotted with the integrated optical density of the RB bands on the West-
ern blot (lower panel). E, U20S cells were transfected with NRBE3-specific
siRNAs or a control siRNA, respectively. Cells were treated with 10 ug/ml
cycloheximide at 48 h post-transfection. Cells were harvested at the indicated
time points, and cell lysates were prepared for Western blotting as described
in A (upper panel). Relative RB levels were plotted with the integrated optical
density of the RB bands on the Western blot (lower panel).
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FIGURE 3. NRBE3 promoted RB degradation through proteasome-ubiquitination pathway. A, RB and GFP plasmids were co-transfected either with
FLAG-NRBE3 or FLAG vector plasmid into H1299 cells. Cells were treated either with 10 um MG132 or dimethyl sulfoxide (DMSO) for 4 h before harvest.
Equal amounts of protein of whole cell lysates were subjected to Western blotting for the indicated proteins. GFP was evaluated as a transfection
efficiency control, and B-actin was evaluated as a loading control. B, H1299 cells were transfected with FLAG-NRBE3 or FLAG vector plasmid in the
presence of HA-tagged wild-type ubiquitin plasmid (wt-Ub), HA-tagged K48R ubiquitin mutant plasmid (K48R-Ub), or empty vector (Mock). Equal
amounts of protein from whole cell lysates were subjected to immunoblotting for evaluation of expression of FLAG-NRBE3 and RB as indicated. B-Actin
was evaluated as a loading control. LE, long exposure bands; SE, short exposure bands (left panel). -Fold induction of the relative protein levels of RB is
summarized from three independent experiments. Error bars represent S.E. (right panel). C, H1299 cells were co-transfected with RB, HA-Ub, and
FLAG-NRBE3, FLAG-HPV16 E7, or FLAG vector plasmids, respectively. Cells were treated with 10 um MG132 for 4 h before harvest. RB protein was
immunoprecipitated from cell lysates with anti-RB antibody or mouse IgG. Proteins from the precipitates were subjected to Western blotting with
anti-HA antibody (upper panel). Expression of RB, FLAG-NRBE3, FLAG-HPV16 E7, or HA-Ub was evaluated by immunoblotting with anti-RB, anti-FLAG
anti-E7, or anti-HA antibody on cell lysates as indicated (lower panel). D, HCT116 cells were co-transfected with HA-Ub and NRBE3-specific siRNA or
control siRNA, respectively. Cells were treated with 10 um MG132 for 4 h before harvest. RB protein was immunoprecipitated from cell lysates with
anti-RB antibody or mouse IgG. Proteins from the precipitates were subjected to Western blotting with anti-HA antibody (upper panel). NRBE3 and RB
in cell lysates were evaluated by immunoblotting with anti-NRBE3 and anti-RB (lower panel). mlgG, mouse IgG; IP,immunoprecipitation; /B,immunoblot,
hypo, hypophosphorylated; hyper, hyperphosphorylated.

degradation through the proteasomal pathway (Fig. 3A).
Importantly, NRBE3 specifically promoted hypophosphory-
lated RB rather than its hyperphosphorylated form.

To uncover the mechanism by which NRBE3 promotes RB
proteasomal degradation, we examined the effect of wild-
type ubiquitin (HA-Ub) or a mutated ubiquitin (HA-K48R-
Ub) on NRBE3-mediated RB degradation in that ubiquitin-
K48R might be deficient to mediate ubiquitin-dependent
protein degradation. FLAG-NRBE3 expression plasmid was
co-transfected into H1299 cells with empty vector, HA-Ub,
or HA-K48R-Ub plasmid. FLAG-NRBE3-mediated RB deg-
radation was dramatically enhanced by co-expression of
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wild-type HA-Ub, whereas mutated HA-K48R-Ub did not
show any effect on NRBE3-mediated RB degradation (Fig.
3B). These results indicated that NRBE3 might promote RB
degradation through the ubiquitin-proteasomal pathway.
To further confirm whether NRBE3 promotes RB polyubiq-
uitination, an in vivo ubiquitination experiment was per-
formed. H1299 cells were co-transfected with RB, HA-Ub, and
FLAG-NRBE3 plasmids. Immunoprecipitation was performed
with anti-RB antibody or mouse IgG, and the ubiquitination of
RB was evaluated by Western blotting with anti-HA antibody.
As shown in Fig. 3C, HPV16 E7 promoted RB ubiquitination as
described previously (50), and FLAG-NRBE3 promoted RB
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FIGURE 4. The NRBE3-mediated RB degradation depended on its U-box. A, bioinformatics analyses of NRBE3 by the Pfam database. Two U-box domains
were predicted in aa 135-147 and 225-240 of NRBE3. The alignment of U-box sequences in NRBE3 is shown in the table. HMM indicates that this analysis was
based on hidden Markov models. B, schematic structure of the two potential U-boxes in NRBE3. NRBE3 deletion mutant plasmids with potential U-boxes
deleted, NRBE3(Aaa135-147) and NRBE3(Aaa225-240), were constructed as shown. C,H1299 cells were transfected with FLAG-NRBE3, NRBE3(Aaa135-147), or
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147), or NRBE3(Aaa225-240), respectively, and proteins from cell lysates were subjected to Western blotting as described in C. E, U20S cells were transfected
with FLAG-NRBE3, FLAG-NRBE3(Aaa225-240), or FLAG vector plasmid. Cells were treated with 10 ng/ml cycloheximide at 16 h post-transfection. Cells were
harvested at the indicated time points, and cell lysates were prepared. Proteins from cell lysates were subjected to Western blotting with anti-FLAG and anti-RB
antibodies as described in A (upper panel). B-Actin was evaluated as both transfection efficiency and loading controls. Relative RB levels were plotted with the
integrated optical density of the RB bands on the Western blot (lower panel). F, H1299 cells were co-transfected with RB, HA-Ub, and FLAG vector, FLAG-
NRBE3(Aaa225-240), or FLAG-NRBE3 plasmids, respectively. Cells were treated with MG132 (10 um) for 4 h before harvest. Immunoprecipitation was per-
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ubiquitination much more strongly than did HPV16 E7. In con-
trast, knockdown of NRBE3 reduced polyubiquitination of RB
(Fig. 3D).

A U-box Was Required for NRBE3-induced RB Degra-
dation—The Pfam database based on hidden Markov models
was searched for a ubiquitin E3 ligase domain in NRBE3. Two
potential U-box-like domains were found between residues 135
and 147 of NRBE3 with an E-value of 3.6 and between residues
225 and 240 with an E-value of 0.16 (Fig. 44). According to the
E-value, it was more likely that residues 225-240 of NRBE3
were the conserved U-box. To determine which fragment of
NRBE3 functions as a real U-box, two NRBE3 deletion
mutants, FLAG-NRBE3(Aaal35-147) and FLAG-NRBE3
(Aaa225-240), were constructed (Fig. 4B), and their capabil-
ities of promoting RB degradation were evaluated. As
shown in Fig. 4C, FLAG-NRBE3(Aaa225-240) lost the
capability of inducing RB degradation, whereas FLAG-
NRBE3(Aaal35-147) retained the ability of promoting RB
degradation in H1299 cells. This experiment was also per-
formed in U20S cells, and a similar result was obtained (Fig.
4D). To further verify whether residues 225-240 are
required for NRBE3 to destabilize RB protein, the half-life of
RB protein was determined in the presence of FLAG, FLAG-
NRBE3, or FLAG-NRBE3(Aaa225-240). Consistent with
previous results, the half-life of RB was reduced to 3 h by
FLAG-NRBE3, whereas FLAG-NRBE3(Aaa225-240) lost the
capability of shortening the half-life of RB. As expected,
FLAG-NRBE3(Aaa225-240) failed to promote RB ubiquiti-
nation even in the presence of HA-UD (Fig. 4F) in cells. These
data demonstrate that residues 225-240 functioned as a
U-box in NRBE3 and suggested that NRBE3 might possess a
ubiquitin E3 ligase function to promote RB degradation.

NRBE3 Was a Bona Fide Ubiquitin E3 Ligase for RB—To
determine whether NRBE3E3 acts as an E3 ligase for RB, we
expressed and purified FLAG-NRBE3-His protein from Sf9
insect cells and performed in vitro ubiquitination with
recombinant RB. As shown in Fig. 54, purified FLAG-
NRBE3-His polyubiquitinated RB, whereas RB was not ubiq-
uitinated when E1, E2, or ubiquitin was missing. Sf9 cell lysate
was used as a positive control for the ubiquitination experi-
ment. Importantly, Sf9 purified FLAG-NRBE3(Aaa225-
240)-His failed to ubiquitinate RB in vitro (Fig. 5B). Purified
proteins used in the in vitro ubiquitin assay were verified by
silver staining to show equal loading (Fig. 5B). Taken
together, we demonstrated that NRBE3 was a bona fide E3
ligase for RB and that the U-box played an essential role in its
E3 ligase function.

NRBE3 Was a Downstream Gene of E2F1—Because NRBE3
transforms NIH3T3 cells, we wanted to know how NRBE3 tran-
scription is regulated. Bioinformatics analysis using PROMO at
the ALGGEN server (51) showed that E2F1 and p53 might be
potential main transcriptional factors on the NRBE3 promoter
(Fig. 6A). NRBE3 promoter-luciferase reporter plasmid pGL3-
NRBE3-Luc was constructed and co-transfected into 293 cells
with E2F1 alone and/or DP1. E2F1 activated NRBE3 promoter
reporter in a dose-dependent manner at low doses including 20
and 40 ng, but no further activation of reporter was observed by
60 ng of E2F1 (Fig. 6B). However, E2F1 showed a perfect dose-
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FIGURE 5. NRBE3 was a bona fide ubiquitin E3 ligase for RB. A, purified
recombinant full-length RB was incubated with Sf9 purified FLAG-NRBE3-His
together with E1, mixed E2s, and ubiquitin in an in vitro ubiquitin buffer at
30 °Cfor 1 h.The reactants were collected and separated by SDS-PAGE, trans-
ferred onto PVDF membrane, and immunoblotted using RB monoclonal anti-
body. The reactants missing RB, ubiquitin, or E1 and E2s were used as nega-
tive controls. Sf9 cell lysates were used to provide E3 ligases as a positive
control (last lane). LE, long exposure bands; SE, short exposure bands. B, puri-
fied recombinant full-length RB was incubated with Sf9 purified FLAG-NRBE3-
His or FLAG-NRBE3(Aaa225-240)-His together with E1, mixed E2s, and ubiq-
uitin in an in vitro ubiquitination buffer at 30 °C for 1 h. The reactants were
subjected to immunoblotting using anti-RB antibody. Purified FLAG-NRBE3-
His and FLAG-NRBE3(Aaa225-240)-His proteins used in the in vitro ubiquiti-
nation assay were evaluated by immunoblotting using anti-FLAG monoclo-
nal antibody and silver-stained as loading controls (left lower and right panels).
IB, immunoblotting.

dependent activation of NRBE3 promoter reporter when it was
co-expressed with DP1. These results demonstrate that E2F1
needs DP1 for its transactivation activity as described previ-
ously (52). In contrast, NRBE3 promoter reporter was not reg-
ulated by p53 (Fig. 6C). To further confirm the transactivation
of E2F1 on NRBE3 transcription, E2F1 was transfected into
U20S cells with or without DP1, and the mRNA level of NRBE3
was determined by real time PCR. The mRNA levels of NRBE3
increased when E2F1 was ectopically expressed alone or
together with DP1 (Fig. 6D). As expected, NRBE3 protein levels
were also elevated by ectopic expression of E2F1 or E2F1/DP1
(Fig. 6E). These results demonstrated that NRBE3 was a down-
stream gene of E2F1.
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FIGURE 6. Transcription of NRBE3 was regulated by E2F1. A, DNA sequence of NRBE3 promoter. The transcription initiation site is indicated with an arrow.
The binding sites for potential transcription factors are underlined, and the transcription factors are given below the sequence. B, pGL3-luciferase reporter
plasmid (Basic) or NRBE3 promoter-luciferase reporter plasmid (NRBE3-Luc) was co-transfected with E2F1 and/or DP1 plasmids. Cells were harvested, and cell
lysates were prepared 24 h post-transfection. Luciferase activity was measured with the Dual-Luciferase Reporter Assay System using a Berthold luminometer.
-Fold induction of the luciferase activity was summarized from three independent experiments in triplicates. Error bars represent S.E. *, p < 0.05; **, p < 0.01
versus NRBE3-Luc. C, pGL3-Basic or NRBE3-Luc was co-transfected with p53 plasmids. Luciferase activities were measured as described in B. D, U20S cells were
transfected with E2F1 and/or DP1 plasmids. Cells were harvested 24 h post-transfection, and total RNA was extracted. Real time PCR was performed with
NRBE3-specific primers, and GAPDH was amplified as an internal control. Shown is the relative mRNA level of NRBE3. Error bars represent S.E. *, p < 0.05 versus
empty control. E, U20S cells were transfected with E2F1 and/or DP1 plasmids. Proteins from cell lysates were subjected to Western blotting probed with
anti-NRBE3, anti-E2F1, or anti-DP1 antibody. B-Actin was evaluated as a loading control. The experiment was repeated three times, and Western blot band

intensity was scanned and plotted (lower panel). Error bars represent S.E. *, p < 0.05; **, p < 0.01 versus empty control.

Knockdown of NRBE3 Arrested Cell Cycle at G,—One of the
best characterized activities of RB protein is inhibition of E2F1-
mediated transcription with resultant effects on cell cycle reg-
ulation. To study the biological significance of NRBE3-induced
RB degradation, we first evaluated the expression of E2F1
downstream genes cyclin E and cyclin A, which in turn activate
RB phosphorylation and promote G,/S transition (12). FLAG-
NRBE3 resulted in increases of both cyclin E and cyclin A,
which was concomitant with degradation of RB protein in a
dose-dependent fashion (Fig. 7A). In contrast, knockdown of
NRBE3 caused decreases of both cyclin E and cyclin A (Fig.
7B). Thereafter, the cell cycle was analyzed when NRBE3 was
silenced in U20S cells. Knockdown of NRBE3 in U20S cells
arrested the cell cycle at G, (Fig. 7C). To confirm this obser-
vation, we performed the same experiment in the MCF-7 cell
line, which expresses wild-type RB like U20S. As shown in
Fig. 7D, knockdown of NRBE3 arrested the cell cycle at G, in
MCE-7 cells. The above described experiments were also
conducted in an RB-null cell line, SAOS-2. In the absence of
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RB, either ectopic expression of FLAG-NRBE3 or knock-
down of NRBE3 failed to affect the cell cycle (Fig. 7, E and F).
These results demonstrated that NRBE3 promoted G,/S
transition of the cell cycle at least partially by promoting RB
degradation.

NRBE3 Is Up-regulated in Human Breast Cancer Tissues—
To address whether NRBE3 is related to human cancer, we
examined NRBE3 expression in human breast cancer tissues.
Proteins extracted from human breast cancer tissues and
paired adjacent non-cancerous breast tissues were subjected
to Western blotting to evaluate NRBE3 expression. In 16
cases of breast cancer, no NRBE3 protein was detected in the
adjacent non-cancerous breast tissues, whereas NRBE3 was
detected in the cancer tissues in 14 of 16 breast cancer
patients (87.5%) (Fig. 8).

Discussion

Because NRBE3 contained an LXCXE motif, we set out to
investigate the interaction between NRBE3 and RB. We first
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FIGURE 8. NRBE3 was up-regulated in breast carcinoma tissues. Proteins
extracted from 16 cases of human breast cancer tissues and paired adjacent
non-cancerous breast tissues were subjected to Western blotting with anti-
NRBE3 antibody. GAPDH was used as a loading control. C represents proteins
from MCF-7 cell lysates. T, cancer tissues; N, normal tissues.

demonstrated that NRBE3 interacted with RB in vitro by GST
pulldown experiment. As expected, NRBE3, specifically N-ter-
minal residues 1-681 that contained an LXCXE motif, inter-
acted with the large pocket of RB protein. This was further
confirmed by the mutant NRBE3aal—681-RXRXH, which lost
the capability of binding RB when LXCXE were mutated. How-
ever, we surprisingly found that the C terminus of NRBE3 con-
taining residues 805—1209 interacted with RB as well. Given
that the RB-binding proteins E1A and HPV E7 also contain
other unknown RB binding modules besides their LXCXE
motifs (53, 54), we conducted amino acid sequence alignment
with residues 805—-1209 in NRBE3 against the RB-interacting
modules in E1A and HPV E7. However, no known conserved
motif was found. The RB-binding modules in the C terminus of
NRBE3 need further study.

It was of importance that NRBE3 selectively bound to and
promoted degradation of the hypophosphorylated RB rather
than hyperphosphorylated RB. Given that RB releases E2F1
when it is phosphorylated by cyclinD/CDK4/CDK®6, hypophos-
phorylated RB plays an active role by interacting with and
inhibiting the transcriptional activity of E2F1 (15, 16, 55), and
hypophosphorylated RB is the natural target for some oncopro-

teins such as E1A, HPV E7, SV40 large T antigen, and MDM2.
They preferably bind to and promote degradation of the active
RB, thereby allowing E2F to be constitutively activated, result-
ing in uncontrolled cell cycle progression (26, 56 —58). Here, we
identified a novel cellular protein NRBE3 that acted as an onco-
protein in tumorigenesis by targeting active RB for degradation.

In the present study, we showed that NRBE3 interacted with
RB in cells when proteasome activity was inhibited, and NRBE3
promoted RB turnover by a proteasomal pathway. In the pro-
teasome, proteins are degraded by either ubiquitin-dependent
or ubiquitin-independent pathways (59). Because ubiquitin-de-
pendent protein degradation is mainly mediated through lysine
48 of ubiquitin (60), the ubiquitin mutant K48R blocks the con-
jugation of ubiquitin chain to the substrate and thus is used to
distinguish the ubiquitin-dependent pathway from ubiquitin-
independent pathway (61). We showed that wild-type ubiquitin
dramatically enhanced NRBE3-mediated RB degradation,
whereas the K48R ubiquitin was not able to do so, suggesting
that NRBE3 promoted RB degradation through the ubiquitin-
dependent pathway. In addition, an in vivo ubiquitination
experiment demonstrated that NRBE3 promoted RB ubiquiti-
nation in cells. Taken together, we demonstrated that NRBE3
promoted RB ubiquitination and degradation through the
proteasome.

Because typical E3 ligases contain conserved domains such as
HECT (homologous to E6-AP C terminus) domain, RING (the
really interesting new gene) finger domain (62, 63) and U-box
(64-67), we searched for conserved E3 ligase domains in
NRBE3 by sequence alignment. We found that two potential
U-boxes existed, i.e. residues 135—147 and residues 225-240 in
NRBE3. Our results demonstrated that the NRBE3 fragment
containing residues 225-240 was required for promoting RB
ubiquitination and degradation.

Ubiquitin E3 ligases for tumor suppressors play important
roles in tumorigenesis. As for tumor suppressor RB, only two E3
ligases, MDM2 and anaphase-promoting complex, have been
found to interact with RB; however, only MDM2 mediates RB
protein degradation (33, 68). Thus, MDM2 is the only known
E3 ligase for RB. It has been found that HPV E7 promotes RB
ubiquitination and degradation (26). In addition, HPV16 E7
associates with the Cul2 ubiquitin ligase and the Cul2-E7 com-
plex ubiquitinates RB in Caski cells. However, there is no in
vitro evidence showing that the Cul2 complex is an E3 ligase
for RB (69), and it has been demonstrated that MDM2 is not
involved in the E7-induced proteolysis of RB (70). These
findings suggest that some other cellular E3 ligase(s) may
exist. In the present study, we demonstrated that NRBE3

FIGURE 7. NRBE3 promoted G,/S transition. A, U20S cells were transfected with increasing doses of FLAG-NRBE3, and cells were harvested 24 h post-
transfection. Expression of FLAG-NRBE3, RB, cyclin E, and cyclin Ain the cells was evaluated by Western blotting performed with proteins from cell lysates. GFP
was evaluated as a transfection efficiency control, and B-actin was used as a loading control. B, HCT116 cells were transfected with specific NRBE3 siRNA or
control siRNA, and cells were harvested 72 h post-transfection. Expression of NRBE3, RB, cyclin E, and cyclin A in the cell lysates was evaluated by Western
blotting as described in A. C, U20S cells were transfected with siRNA targeting NRBE3 or a control siRNA. The cell cycle was analyzed by flow cytometry 72 h
post-transfection. A representative result is shown on the /eft. The average percentage of cells in the cell cycle phases summarized from three independent
experiments is shown on the right. D, MCF-7 cells were transfected with NRBE3 siRNA or control siRNA. The cell cycle was analyzed by flow cytometry 72 h
post-transfection. The average percentage of cells in the cell cycle phases summarized from three independent experiments is shown on the right. E, SAOS-2
cells were transfected with either FLAG or FLAG-NRBE3 plasmids. The cell cycle was analyzed by flow cytometry 24 h post-transfection. A representative result
is shown on the left. The average percentage of cells in the cell cycle phases summarized from three independent experiments is shown on the right. F, SAOS-2
cells were transfected with siRNA targeting NRBE3 or a control siRNA. The cell cycle was analyzed by flow cytometry 72 h post-transfection. A representative
result is shown on the left. The average percentage of cells in the cell cycle phases summarized from three independent experiments is shown on the right.
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acted as an E3 ubiquitin ligase by in vivo ubiquitination
experiments. It was plausible that purified FLAG-NRBE3
from insect cell Sf9 ubiquitinated recombinant RB in vitro,
demonstrating that NRBE3 was a bona fide E3 ligase for RB.
Furthermore, we demonstrated that residues 225-240 in
NRBE3 functioned as the U-box for its E3 ligase activity.
Thus far, we identified NRBE3 as the second E3 ubiquitin
ligase for RB. Whether NRBE3 mediates HPV E7-induced RB
degradation and is associated with HPV E7-induced cervical
tumorigenesis is currently under study.

Because NRBE3 expression was up-regulated in some
types of human cancer tissues,® we next set out to uncover
the transcriptional regulation of NRBE3. We showed that
NRBE3 transcription was activated by E2F1/DP1 instead of
p53. So NRBE3 formed positive regulation feedback with
RB/E2F1 where NRBE3 inactivated RB by promoting degra-
dation of the hypophosphorylated RB and released E2F1,
which in turn activated NRBE3 expression. Consequently,
NRBE3 promoted G,/S transition. It will be significant to
verify whether the existence of this positive regulation feed-
back magnifies the tumorigenic effect of other RB degrada-
tion oncoproteins.

It was reported that RB deficiency promotes proliferation of
breast cancer cells and tumor growth in nude mouse xenografts
and has highly significant effects on the therapeutic response
(71). In breast cancer, inactivation of RB is believed to occur via
multiple mechanisms to facilitate tumorigenesis. Loss of
heterozygosity at the Rb locus has been defined in 20-30% of
breast cancer, and histological loss of RB protein has been doc-
umented with varying frequency (15, 72). Cyclin D1 is up-reg-
ulated in ~50% of breast cancers (73), and the CDK inhibitor
p16™** is down-regulated in some breast cancer cases (74—
76). Because we already demonstrated that NRBE3 targeted
active RB for degradation and a G, arrest in the cell cycle was
observed in breast cancer cells after knockdown of NRBE3, we
were driven to ask whether NRBES3 is related to human breast
cancers. We examined the expression of NRBE3 in 16 cases of
human breast carcinoma tissues by Western blot. NRBE3 was
detected in 14 of 16 (87.5%) cases of breast cancer, whereas no
NRBE3 was detected in the paired adjacent non-cancerous
breast tissues. Does NRBE3 play a role in promoting breast
cancer progress? In cyclin D1-up-regulated or p16"™**-down-
regulated breast cancer cases, cyclin-CDK complex-induced
aberrant phosphorylation/inactivation of RB leads to deregula-
tion of E2F1 (77-79), which is the transcriptional activator for
NRBE3. Once the expression of NRBE3 is activated, it in turn
targets RB for degradation and forms a positive regulation loop
with RB/E2F1. It is worthwhile to examine whether activation
and accumulation of NRBE3 are related to breast cancer pro-
gression. Although Western blotting is not the best measure-
ment of the histological expression of NRBE3 in human tumor
tissues, this result nonetheless suggests a great difference in
NRBE3 expression between breast cancer tissues and adjacent
non-cancerous breast tissues. Inmunohistochemical staining
with NRBE3 in breast cancer cases ranked in various clinical

®Y.Wang, Z.Zheng, J. Zhang, Y.Wang, R.Kong, J. Liu, Y. Zhang, H. Deng, X. Du,
and Y. Ke, unpublished data.

SASBMB

NOVEMBER 20, 2015« VOLUME 290-NUMBER 47

NRBE3 Degrades RB and Is Transactivated by E2F 1

stages and following statistic analysis is underway in our labo-
ratory. It will be imperative to determine whether NRBE3 is
related with the prognosis of breast cancer.
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