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PIk1 interacts with RNF2 and promotes its
ubiquitin-dependent degradation
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Abstract. Ring finger protein 2 (RNF2), also known as RING2
or RINGIB, displays oncogenic functions in different types of
cancers, yet, the function of RNF2 during mitosis has not been
evaluated. A yeast two-hybrid screen was undertaken using a
human HeLa cDNA library to explore and identify proteins
that interact with RNF2. Several positive clones, including
Polo-like kinase 1 (Plk1), a critical regulator of mitosis, were
identified. The interaction between RNF2 and Plkl was
confirmed using a 3-galactosidase and growth test in selective
media, in vitro glutathione S-transferase pull-down, and in vivo
immunoprecipitation assays. Moreover, we confirmed that
RNF2 co-localized with Plk1 at mitotic chromosomes in the
prometaphase and metaphase using an immunofluorescence
assay. In addition, our results revealed that Plk1 kinase activity
was required for ubiquitin-dependent degradation of RNF2.
These findings provide a new clue for understanding the func-
tion of RNF2 during mitotic regulation and tumorigenesis.

Introduction

Polo-like kinase 1 (Plkl) is an evolutionarily conserved
serine/threonine protein kinase and a key regulator of mitosis
that is required for kinetochore-microtubule attachments,
centrosome maturation, chromosome dynamics, chromosome
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segregation, spindle function and cytokinesis (1-3). Full length
Plk1 consists of the N-terminus kinase domain (KD) and
the C-terminus Polo-box domain (PBD) (4). Its functions are
executed by binding and phosphorylating proteins through
its two domains. The different subcellular location of Plkl
is based on the PBD and phosphorylation of Thr210 (5,6).
Diverse functions of the Polo-like kinases (PLKs) have been
reported at different stages of the cell cycle. An association
between PLKs and the centrosome is implicated in regulating
mitotic entry. Sudden Plk1 activation during late G2 depends
on cyclin A/Cdk activity levels and induces phosphorylation
of Cdc25C1 before mitotic entry (7). Plkl phosphorylates
BubR1 in mitotic cells, and this phosphorylation is associated
not only with spindle checkpoint signaling but also with stable
microtubule-kinetochore attachment, probably by generating
the force that pulls each centrosome towards the two spindle
poles (8,9). Plk1 interacts with the key mitotic kinase Aurora
B. Aurora B-dependent phosphorylation of the Plk1 activation
loop at the kinetochore regulates its function (10). Additionally,
recruitment of Aurora B to the centromeres depends partly
on Plkl-dependent phosphorylation of survivin and haspin.
Therefore, Plk1 is a critical mitotic kinase during the cell cycle.

Ring finger protein 2 (RNF2), also known as RING2
or RINGIB, was first identified as an interactor with Bmil,
a group II polycomb group (PcG) protein. RNF2 acts as a
ubiquitin E3 ligase to mono-ubiquitinate histone H2A (11-13).
Moreover, RNF2 is involved in regulating different biological
processes by distinct molecular mechanisms. For example,
RNF2 promotes MDM?2-mediated p53 ubiquitination, and
overexpression of RNF2 increases the half-life of MDM?2
and inhibits its ubiquitination (14). Furthermore, one study
revealed that negative regulation of p53 by RNF2 promoted
tumor development in selective cancer cell types (15). RNF2
is ubiquitously expressed in human tissues and is amplified
or overexpressed in many human tumors, such as ovarian,
breast and pancreatic cancer (16-18). RNF2 is considered to
be a prognostic biomarker and potential therapeutic target for
these cancer types, as high expression of RNF2 is positively
correlated with tumor progression and shortened survival.
However, the extensive biochemical characterization of RNF2
in mitotic regulation has not been elucidated.
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In the present study, we identified for the first time that
PIk1 interacts with RNF2 using a yeast two-hybrid screen.
We sought to elucidate the relationship between Plkl and
RNF2. Our results demonstrated that RNF2 co-localized
with PIk1 at mitotic chromosomes in the prometaphase and
metaphase. In addition, Plk1 kinase activity was required for
the ubiquitin-dependent degradation of RNF2. These findings
provide a new clue to our understanding of the function of
RNF2 in mitotic regulation and tumorigenesis.

Materials and methods

Cell culture, reagents and plasmids. HeLa and 293T cells
(ATCC, Manassas, VA, USA) were grown at 37°C in a 5% CO,
atmosphere in Dulbecco's modified Eagle's medium (DMEM,;
HyClone Laboratories Inc.; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), supplemented with 10% fetal bovine
serum (FBS; HyClone Laboratories Inc.; Thermo Fisher
Scientific, Inc.), 100 pg/ml streptomycin and 100 pg/ml
penicillin. The cells were synchronized at the G1/S phase
with a 250 mM thymidine (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) block. The plasmid vectors 3x FLAG
(Sigma-Aldrich; Merck KGaA), pEGFP-C2 (BD Biosciences,
San Jose, CA, USA), pGBKT?7 (Clontech Laboratories, Inc.,
Palo Alto, CA, USA) and pGADT?7 (Clontech Laboratories,
Inc.) were used to generate mammalian and yeast expression
constructs carrying Plkl or RNF2. Plk1 or RNF2 was cloned
into the bacterial expression plasmids pET-28a (Novagen,
Wilmington, DE, USA) and pGEX-6P-1 (GE Healthcare,
Parsippany, NJ, USA). MG132 (EMD Millipore, Bedford,
MA, USA), anti-RNF2 antibody (cat. no. ab101273) and
anti-Plk1 antibody (cat. no. ab17057) were both purchased
from Abcam (Cambridge, MA, USA). GFP (cat. no. G1546)
and FLAG (cat. no. F1804) antibodies were purchased from
Sigma-Aldrich (Merck KGaA).

Yeast two-hybrid analysis. The specificity of the interaction
between Plkl and RNF2 was verified by yeast two-hybrid.
RNF2 was fused to pPGBKT?7 to generate the BD-RNF2 vector.
Plk1 was fused to pGADT7 to generate the AD-Plkl1 vector.
Yeast two hybrid screening and yeast two hybrid co-transfor-
mation assays were performed following the manufacturer's
instructions for the Yeast transformation system 2 (Clontech
Laboratories, Inc.). The yeast was detected on yeast dropout
medium lacking tryptophan, leucine and histidine.

Glutathione S-transferase (GST) pull-down assay. Purified
RNF2-His was incubated with Glutathione Sepharose 4B
beads carrying the fusion proteins (PLK1-GST or GST) at 4°C
for 4 h. After washing with pre-cooled phosphate-buffered
saline (PBS) containing 1% Triton X-100, the beads were
fixed in a sample loading buffer at 100°C for 10 min and then
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by immunoblot assay.

Immunoblot assay and immunoprecipitation. 293T or HelLa
cells transformed with the corresponding plasmids were
harvested and resuspended in lysis buffer (pH 7.4, 50 mM
HEPES, 150 mM NaCl, 2 mM EGTA, 0.1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin
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and 10 g/ml pepstatin A) containing a protease inhibitor
mixture (Sigma-Aldrich; Merck KGaA). After separation by
SDS-PAGE, the proteins were transferred to nitrocellulose
membranes. After blocking in TBST buffer with 5% non-fat
milk, the membranes were probed with the corresponding anti-
bodies, and developed using an enhanced chemiluminescence
reagent. The cell lysates were purified using anti-FLAG M2
affinity gel at 4°C for 4 h with rotation for immunoprecipitation.
After washing with lysis buffer and PBS, the immunoprecipi-
tants were eluted by boiling with a sample loading buffer at
100°C for 10 min and then subjected to SDS-PAGE followed
by immunoblot assay.

Immunofluorescence. HeLa cells were harvested and plated
on poly-L-lysine-coated sterile glass slides. Then, the
cells were fixed in 4% paraformaldehyde for 15 min and
permeabilized with PBS containing 0.1% Triton X-100 for
15 min. After washing in PBS, the coverslips were blocked
with PBS containing 5% bovine serum albumin (BSA).
Subsequently, the coverslips were incubated with anti-Plk1
(1:100; cat. no. ab17057; Abcam) and anti-RNF2 (1:100;
cat. no. abl01273; Abcam) overnight at 4°C and incubated with
the secondary antibodies FITC-conjugated goat anti-mouse
IgG (1:500; cat. no. F-2761; Thermo Fisher Scientific, Inc.)
and rhodamine-conjugated goat anti-rabbit IgG (1:500;
cat. no. R-6394; Thermo Fisher Scientific, Inc.) and DAPI
dye. Images were captured using an Olympus BX60 upright
fluorescence microscope (Olympus Corp., Tokyo, Japan) with
identical acquisition parameters for each experiment.

Results

Identification of Plkl as a RNF2-binding protein. To identify
host proteins targeted by RNF2, the yeast two-hybrid screen
was undertaken to screen the human HeLa cDNA library.
Surprisingly, Plk1, an important mitotic regulator was found
among the positive clones. To confirm the interaction between
Plk1 and RNF2, we co-transformed AH109 yeast competent
cells with Plkl-pGADT7 and RNF2-pGBKT7. The results
demonstrated that Plk1 interacted with RNF2 (Fig. 1A). To
further confirm this interaction, we performed a GST pull-down
assay in vitro using recombinant RNF2-His and Plk1-GST
proteins expressed in E. coli. Plk1-GST, but not GST, was
able to pull down RNF2-His, demonstrating that Plk1 directly
bound to RNF2 (Fig. 1B). To further confirm this result, we
co-transfected Plk1-FLAG and RNF2-GFP into 293T cells
for an immunoprecipitation assay using an anti-FLAG anti-
body. The results revealed that RNF2-GFP was pulled down
by the FLAG antibody via Plk1-FLAG (Fig. 1C). To test if
endogenous RNF2 formed a complex with Plk1 in 293T cells,
we carried out an immunoprecipitation with RNF2 antibody
and control IgG. The result indicated that endogenous RNF2
interacted with Plk1, suggesting that RNF2 interacts with Plk1
in vivo (Fig. 1D).

RNF2 and Plkl are co-localized in HeLa cells during
mitosis. Dynamic localization during mitosis is one of the
most striking aspects of Plkl. To evaluate if there is specific
co-localization and the role of the interaction between RNF2
and Plk1 during mitosis, we conducted immunofluorescence
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Figure 1. Identification of Plk1 as a RNF2-interacting protein. (A) The interaction between RNF2 and Plk1 was identified by a yeast two-hybrid system.
Screening plasmids expressing RNF2 fused to the GAL4 DNA-binding domain were co-transformed with a plasmid expressing Plk1 fused to the GAL4
transactivation domain. Interactions were detected through growth on medium containing x-a-gal and lacking Ade, Trp, Leu and His. BD-53 and AD-T
were co-transformed into yeast cells as positive controls, and BD-lam and AD-T were co-transformed into yeast cells as negative controls. The results
reveal that Pkl indeed interacts with RNF2. (B) Confirmation of Plk1 binding to RNF2 using in vitro pull-down assays. PIk1-GST purified on GST beads
was used as an affinity matrix for absorbing RNF2-His. The SDS-PAGE gel was stained with Coomassie brilliant blue (upper panel) and subsequently
blotted with anti-His antibody (lower panel). (C) 293T cells co-transfected with PIk1-FLAG and RNF2-GFP or control GFP vector were immunoprecipi-
tated with anti-FLAG. Starting fractions (Input) and immunoprecipitates (IP) were analyzed by SDS-PAGE and western blotting using GFP and FLAG
antibodies. (D) Immunoprecipitation of Plkl and RNF2. HeLa cell lysates were incubated with an anti-RNF2 antibody or a non-specific IgG and the protein
A/G-Sepharose beads. The expression of Plkl and RNF2 was detected by immunoblotting with anti-Plk1 and anti-RNF2 antibody, respectively.

studies to assess the localization of the two proteins at
different mitotic stages in HeLa cells. Notably, we found a
defined co-localization of RNF2 and Plkl at the mitotic
chromosomes in the prometaphase and metaphase during
mitosis (Fig. 2). RNF2 was diffusely localized at the nucleus
during interphase, which is consistent with its known role
in transcriptional regulation. Plk1, as expected, was found
scattered in the cytoplasm (Fig. 2A). As the cells entered
prometaphase, Plk1 began to localize to the spindle poles and
the kinetochores. RNF2 demonstrated increasing localization
at the mitotic chromosome that overlapped Plk1 at the kineto-
chores (Fig. 2B). Plk1 was concentrated at the kinetochores
in the metaphase. The examination of RNF2 labeling in the
same cells revealed typical mitotic chromosome localization.
Thus, RNF2 and Plkl co-localized at the mitotic chromo-
somes during the prometaphase and metaphase (Fig. 2C).
Furthermore, as chromosome segregation occurred in
the anaphase and telophase, Plkl was maintained at the
mid-body and RNF2 extended into the nucleus of each sister
cell (Fig. 2D and E). These results indicate that RNF2 and
PIk1 are co-localized at mitotic chromosomes during mitotic
progression.

Plkl kinase activity is responsible for degradation of RNF2.
We demonstrated that Plk1 is a bona fide RNF2-interacting
protein, thus we aimed to address the functional relevance of
this interaction. We overexpressed GFP-tagged wild-type Plk1
in HeLa cells and subsequently monitored the relative levels
of endogenous RNF?2 in these cells via western blotting. The
result revealed that overexpression of wild-type Plk1 reduced
the level of RNF2 in a dose-dependent manner (Fig. 3A and B).
Next, we aimed to ascertain whether Plk1 kinase activity is
essential for degradation of RNF2; thus, we overexpressed
GFP-tagged kinase-deficient Plkl in HeLa cells and detected
the relative levels of endogenous RNF2. Notably, overex-
pression of kinase-deficient Plk1 did not affect the level of
endogenous RNF2 (Fig. 3C and D). Thus, we concluded that
Plk1 kinase activity is responsible for RNF2 degradation.

Plkl interacts with RNF2 and promotes its proteasome-
ubiquitin-dependent degradation. Western blot analysis
indicated that wild-type Plk1 reduced the level of RNF2, but
kinase-deficient Plkl failed to do so. To explore whether Plk1
reduces RNF2 mRNA, we performed a quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) analysis.



AN et al: Plkl INTERACTS WITH RNF2

A

Interphase

B

Prometaphase

C

Metaphase

D

Anaphase

E

Telophase

2361

Figure 2. Co-localization of Plk1 and RNF2 during mitotic progression by immunofluorescence staining. Subcellular localization of Plk1 and RNF2 in HeLa
cells using immunofluorescent staining. HeLa cells were evaluated at the interphase (A), prometaphase (B), metaphase (C), anaphase (D) and telophase (E).
The cells were stained with anti-Plk1 antibody (green), anti-RNF2 antibody (red) and chromosomes (blue). Scale bars, 10 gm.

The results revealed that the RNF2 mRNA level did not
change significantly after overexpressing Plkl, suggesting a
Plk1-dependent reduction in the RNF2 protein level (Fig. 4A).
Moreover, since overexpression of wild-type Plkl resulted
in lowering RNF2 protein levels, we anticipated that Plkl
knockdown may create an opposite effect. The results showed
that Plk1 knockdown resulted in a significant increase in the
RNF?2 level (Fig. 4B). To determine whether Plkl-induced
RNF2 degradation was proteasome-ubiquitin-dependent,
293T cells were cotransfected with control or Plk1 siRNA and
myc-tagged ubiquitin. The proteasome inhibitor MG132 was
used to block degradation of possibly ubiquitinated RNF2. The
results demonstrated that ubiquitination of RNF2 decreased
significantly in response to depleted Plkl in the presence of
MGI132, suggesting that Plk1 is required for ubiquitin-depen-
dent degradation of RNF2 (Fig. 4C). In addition, to further test
the possible effect of Plkl kinase on the ubiquitin-dependent
degradation of RNF2, we repeated the above experiment using
wild-type or kinase-deficient Plk1l plasmids. As expected,
ubiquitination of RNF2 was increased significantly by
PIk1-WT-GFP, compared with that of Plk1-KD-GFP in the
presence of MG132 (Fig. 4D). Therefore, we concluded that

Plk1-dependent decrease in RNF2 protein level is mediated
through proteasome-ubiquitin-dependent degradation.

Discussion

The polycomb group (PcG) of proteins are epigenetic tran-
scriptional regulators that repress numerous developmental
regulators, including two repressive complexes, called PRC1
and PRC2. RNF2, also known as RING2 or RINGIB, is
a member of the PRC1 complex. Previous studies have
reported that RNF2 directly associates with Bmil, Cbx family
proteins, Mell8, M33 and Phcl, forming the core of the PRC1
complex (18-20). The complex varies in its association with
mitotic chromosomes. Live-cell imaging and genome-wide
sequencing demonstrates that most PRCI1 proteins dissociate
from mitotic chromosomes, whereas a quantitative subpopu-
lation of PRC1 proteins remain associated with mitotic
chromosomes in Drosophila. Recent studies have shown that
canonical PRCI exhibits various capacities of association with
mitotic chromosomes and that Cbx2 is required to recruit
PRCI to mitotic chromosomes (20-22). Previous studies have
revealed that Plk1 phosphorylates numerous mitotic proteins,
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Figure 3. Plk1 kinase activity is responsible for RNF2 degradation. (A) Lysates of 293T cells were transiently co-transfected with the indicated volumes of the
GFP-tagged wild-type Plk1 expression vectors, and then the levels of endogenous RNF2 were detected through western blotting with the indicated antibodies.
(B) The levels of RNF2 in A were quantified using the mean ratio of RNF2 to GAPDH for triplicate results. Error bars represent the mean + SD of triplicates.
(C) Lysates of 293T cells transiently co-transfected with the indicated volumes of the GFP-tagged kinase-deficient Plk1 expression vectors, then the levels of
endogenous RNF2 were detected through western blotting with the indicated antibodies. (D) The RNF2 levels in C were quantified using the mean ratio of
RNF2 to GAPDH for triplicate results. Error bars represent the mean + SD of triplicates.
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Figure 4. Plkl interacts with RNF2 to mediate its proteasome-ubiquitin dependent degradation. (A) 293T cells were transiently co-transfected with the
indicated volumes of the GFP-tagged wild-type Plk1 expression vectors, and then the mRNA levels of RNF2 were detected by qRT-PCR. (B) 293T cells were
transfected with either control siRNA or siRNA targeting Plk1 for 24 h. Then, the cell lysates were prepared and analyzed by western blot analysis using
antibodies against the indicated proteins. GAPDH was included as a loading control. (C) 293T cells were transfected with either control siRNA or siRNA
targeting Plk1 with myc-tagged ubiquitin for 24 h. After treatment with or without MG132 (10 uM) for 4 h, the cells were harvested for immunoprecipitation
(IP) and ubiquitination was detected by immunoblotting (IB). (D) 293T cells were transfected either with PIk1-WT-GFP or Plk1-KD-GFP with myc-tagged
ubiquitin for 24 h. After treatment with or without MG132 (10 M) for 4 h, the cells were harvested for immunoprecipitation and ubiquitination was shown

by immunoblotting.
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such as cdhl, HSF1 and Bora, and promotes their degradation
by SCFFTRCP Additionally, Plk1 also phosphorylates Emil and
promotes its degradation during mitosis. All of these results
suggest that Plk1 often collaborates with 3-TRCP and the SCF
complex to promote protein degradation (23-25).

Abundant clinical and pathological evidence indicates
that RNF2 is expressed at high levels in several cancer types
compared with normal tissues (15,26). Furthermore, RNF2
negatively regulates autophagy by promoting AMBRAI
degradation (27). All of these data imply that RNF2 could be
considered a potential biomarker and therapeutic target for
these cancer types. However, it remains elusive as to whether
RNF2 is involved in mitotic progression. During mitotic
division, the multifunctionality of Plkl is relevant to its
dynamic subcellular localization (3,28,29). Plk1 is primarily
located in the centrosome and kinetochore during prophase,
and then translocates to the spindle intermediate region
during meta-anaphase. Plkl is concentrated at the equato-
rial plate during cytokinesis (30,31). In the present study,
we provide evidence for the interaction between RNF2 and
PIk1 through co-immunoprecipitation, GST pull-down and
yeast two-hybrid assays. Immunofluorescence studies showed
co-localization of RNF2 and Plk1 at mitotic chromosomes
during the prometaphase and metaphase. Plk1 kinase activity
is required for entry into mitosis during the normal cell cycle.
Some published results reveal that Plkl1 is a key mediator of
mitotic checkpoint inactivation, as cells that cannot activate
PIk1 fail to properly dismantle the DNA damage checkpoint
during mitosis and instead show DNA damage-induced Chk2
kinase activation (32). Plkl1 is also involved in stabilizing
kinetochore-microtubule attachments, whereas these attach-
ments are more stable when kinetochore Plk1 levels decrease
dramatically during metaphase (33). Furthermore, one study
showed that Plk1 interacts with and phosphorylates LSDI1
at Serl126 and this phosphorylation promotes release of
LSDI1 from chromatin during mitosis (34). The Plkl KD is
essential for creating the phosphorylated site that is bound by
the PBD (35). Additionally, the Plkl KD contains a nuclear
localization sequence that promotes access to the nucleus by
PIk1 before nuclear envelope breakdown (36). Inactivation or
depletion of Plkl after microinjection of the antibody, domi-
nant-negative mutants, small interfering RNAs, or antisense
oligonucleotides leads to defects in centrosomal maturation,
mitotic failure and increased apoptosis (3,37).

Some studies have revealed that RNF2 is degraded by the ubig-
uitin system independent of its own ubiquitin ligase activity in a
process mediated by an exogenous, yet unidentified E3; however,
a clear mechanism is unknown (13). Our results confirmed that
PIk1 is associated with RNF2, and that Plk1 degraded RNF2
via a ubiquitin-dependent degradation pathway. Kinase-deficient
Plk1 formed a more stable interaction with RNF2 compared with
wild-type Plk1, suggesting that kinase-deficient Plk1 disabled
the induction of RNF2 degradation. Given that expression of
RNF2 is upregulated in many tumors, we speculate that the high
expression of RNF2 in tumors may be a consequence of deficient
Plk1 with an inability to degrade RNF2.

The present study has some limitations. First, the clinical
pathological sections should be used to clarify the relationship
between Plk1 and RNF2 in tumors. Second, the possibility that
B-TRCP and SCF complex may be involved in Plkl-induced
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RNF?2 degradation was not investigated. Finally, the relation-
ship between Plkl and RNF2 could not be fully elucidated
based on the experiments that were performed.

Taken together, for the first time, our observations demon-
strated that Plk1 directly interacts with RNF2 and degrades
RNF?2 via the ubiquitin-dependent degradation pathway. We
conclude that RNF2 may be used as a new target for mitotic
regulation and tumorigenesis.
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