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The cyclin-dependent kinase (CDK) inhibitor p21 is an unstructured protein regulated by multiple turnover pathways. p21
abundance is tightly regulated, and its defect causes tumor development. However, the mechanisms that underlie the control of
p21 level are not fully understood. Here, we report a novel mechanism by which a component of the SCF ubiquitin ligase, Fbl12,
augments p21 via the formation of atypical ubiquitin chains. We found that Fbl12 binds and ubiquitinates p21. Unexpectedly,
Fbl12 increases the expression level of p21 by enhancing the mixed-type ubiquitination, including not only K48- but also K63-
linked ubiquitin chains, followed by promotion of binding between p21 and CDK2. We also found that proteasome activator
PA28y attenuates p21 ubiquitination by interacting with Fbl12. In addition, UV irradiation induces a dissociation of p21 from

Fbl12 and decreases K63-linked ubiquitination, leading to p21 degradation. These data suggest that Fbl12 is a key factor that
maintains adequate intracellular concentration of p21 under normal conditions. Our finding may provide a novel possibility

that p21’s fate is governed by diverse ubiquitin chains.

he inhibitor of cyclin-dependent protein kinase (CDK)

p21WaVCiPT (here referred to as p21) plays important roles in
the regulation of cellular functions such as the cell cycle, DNA
repair, and apoptosis. The relationship between p21 functions and
cellular progression has been extensively studied (1). Normally,
p21 inhibits CDKs through direct binding, leading to the suppres-
sion of cellular progression. p21 also suppresses proliferating cell
nuclear antigen (PCNA), which is a crucial factor for DNA repli-
cation and repair. Thus, p21 acts as a master modulator that governs
the cell cycle, and defects in p21 increase the risk of developing cancer.

p21 abundance is tightly controlled at all stages from transcrip-
tion and translation to posttranslational regulation via such pro-
cesses as MRNA clearance, translational rate, and protein degra-
dation. Defects in these mechanisms that result in aberrant p21
levels can cause cancer development (1, 2). This suggests that in-
tracellular p21 abundance is intrinsically determined through the
regulation of transcriptional and posttranslational modification.
The transcriptional regulation of p21 is mediated by a variety of
factors, such as p53, E2F1, Klf6, Myc, and AP4 (3-7), indicating
that transcriptionally regulated p21 expression is governed by
several pathways in a context-dependent manner. In addition,
posttranslational modification is also associated with cellular
p21 protein levels. Recent studies have determined that p21
phosphorylation at several sites is involved in its stability. For
instance, Akt phosphorylates p21 at the Thr145 residue, resulting
in p21 accumulation in the cytoplasm (8-10), and JNK1 and p38a
stabilize p21 through phosphorylation of Ser130 (11, 12). There-
fore, it is clear that p21 is controlled not only by transcriptional
regulation but also by posttranslational modification.

p21 is an unstructured protein that is easily degraded by the
proteasome under basal conditions (13). In order to protect itself
from this default degradation, newly synthesized p21 associates
with target proteins to prevent this default degradation (14-16). It
has also been shown that carcinogenic factors, including exposure
to UV, change expression of p21. Interestingly, substantial studies
have shown that increased p21 expression significantly associates
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with metastasis, recurrence, and survival in humans (17, 18).
Therefore, the maintenance of p21 abundance at an adequate level
is critically important, and abnormal expression results in an in-
crease of risk of various disorders (1). So far, it has been reported
that several E3 ubiquitin ligases, including SCF*??, Cul2"**,
Cul4®PT2 APC/CCPC?° and MKRN1, enhance p21 ubiquitina-
tion, leading to proteasome degradation (14, 19-23). Interest-
ingly, a p21 mutant with all lysines mutated to arginines is still
ubiquitinated. This suggests that p21 ubiquitination occurs not
only on intramolecular lysines but also on the N-terminal methi-
onine (24). Moreover, p21 has been reported to interact with the
proteasome a7 subunit of 20S proteasome and proteasome acti-
vator PA28vy (25-27) to promote proteasomal degradation of p21,
independently of ubiquitination. Despite the topic of p21 degra-
dation and ubiquitination, the physiological significance of p21
ubiquitination associated with its degradation remains unclear.
In this study, we report that Fbl12 and PA28+y regulate the p21
expression level. We found that Fbl12 associates with both p21
and PA28y, resulting in a complex formation. In addition, mixed-
type ubiquitination of p21 induced by Fbl12 is positively associ-
ated with the amount of p21 via attenuation of the degradation
rate. In addition, this effect was suppressed by PA28, resulting in
a decrease in p21 expression level. Furthermore, UV irradiation
promotes p21 degradation irrespective of Fbl12 expression. Thus,
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our findings provide the novel mechanisms by which both Fbl12
and PA28y mediate p21 turnover via the control of mixed-type
ubiquitin chain.

MATERIALS AND METHODS

Materials. The following antibodies were used for immunoblot an-
alyses: Flag (M2; Sigma), Myc (9E10; Santa Cruz), hemagglutinin (HA;
Y-11; Santa Cruz), green fluorescent protein (GFP; catalog number
598; MBL), glutathione S-transferase (GST; B-14; Santa Cruz), tubulin
(DM1A; Sigma), His (GE Healthcare catalog number 27-4710-01), p21
(F-5; Santa Cruz), PA28y (47/Psme3; BD Transduction Lab.), B5
(ab3330; abcam), Fbl12 (ab96831; abcam), Lys48-specific ubiquitin
(Apu2; Merck Millipore), and Lys63-specific ubiquitin (Apu3; Merck
Millipore). The following antibodies were used for immunocytochemis-
try: GFP (catalog number 598; MBL), p21 (F-5; Santa Cruz), and PA28+y
(47/Psme3; BD Transduction Lab.). Lipofectamine 2000 was purchased
from Invitrogen. The siFbl12 (EHU054981) and anti-Flag M2—agarose
beads were purchased from Sigma. Hoechst 33342 was purchased from
Life Technologies. Talon metal affinity resin was purchased from Clon-
tech. Glutathione-Sepharose was purchased from GE Healthcare. MG132
was purchased from the Peptide Institute. Polyethyleneimine was pur-
chased from Polyscience. Cycloheximide (CHX) was purchased from
Wako.

Cell culture, transfection, and stimulation. HEK 293, HEK 293T,
HeLa, and HCT116 cells were cultured in Dulbecco’s modified Eagle me-
dium (DMEM) (Wako) containing 5 to 10% fetal bovine serum as well as
penicillin (100 units) and streptomycin (100 mg) (P/S). To generate
Fbxl12-deficient cells, HEK 293 cells were transfected with pSpCas9(BB)-
2A-Puro-Fbl12 plasmid and incubated in the presence of 1.0 pg/ml of
puromycin. Cells were transfected using Lipofectamine 2000, Lipo-
fectamine RNAi MAX reagent (Life Technologies), and polyethylenei-
mine (Polyscience) according to the manufacturers’ instructions. HEK
293 and HeLa cells were irradiated by 12-wW/cm? UV and then subjected
to each analysis.

Plasmid construction. pPCAGEN-His-Ub, pCAGEN-His-Ub K48R,
pCAGEN-His Ub K63R, pCAGEN-His-Ub 48K, and pCAGEN-His-Ub
63K constructs were provided by Y. Gotoh (University of Tokyo, Japan).
pcDNA3-Flag-Fbl12, pcDNA3-Flag-Fbl12AF, and pcDNA3-Flag-Skp1l
constructs were described previously (28). p21 and Skp2 ¢cDNAs were
amplified by PCR and subcloned into pcDNA-Flag. The Fbl12 and Skp1
cDNAs were subcloned into pRSFDuet-1. The Fbl12 ¢cDNA was sub-
cloned into the EcoRI and Xhol sites of pCS4-Myc and pCS4-EGFP
(where EGFP is enhanced GFP). The PA28y and CDK2 cDNAs were
amplified from the human HCT116 cDNA library and subcloned into the
BgllI sites of pCS4-Myc. The p21 cDNA was amplified from Flag-p21 and
subcloned into the BglII sites of pCS4 and pCS4-EGFP. The p21ANLS
c¢DNA was amplified from Flag-p21 and subcloned into the BglII sites of
pCS4-EGFP. The p21 NLS oligonucleotides were annealed and inserted
into the EcoRI and Xbal sites of pCS4-EGFP. The p21 and PA28y
cDNA were subcloned into the BamHI sites of pGEX-6p-1.
pSpCas9(BB)-2A-Puro was purchased from Addgene. The oligonucle-
otides of Fbl12 were designed and inserted into pSpCas9(BB)-2A-Puro
by ligation into the BbsI sites. The primers used were as follows: PA28~y
forward, 5'-AGGATCCGCCACCATGGCCTCGTTGCTGAAGGTG-
3’, and reverse, 5'-GGGATCCTCAGTACAGAGTCTCTGCATTGCT
GCTCCG-3'; p21 forward, 5'-TAGGATCCGCCACCATGTCCAATC
CTGGTGATG-3', and reverse, 5'-GCGGATCCTCAGGGTTTTCTCT
TGCAGAAGACC-3'; p21ANLS forward, 5'-TAGGATCCGCCACCA
TGTCCAATCCTGGTGATG-3', and reverse, 5'-TAGGATCCTCATCG
GCCCTGAGATGTTCCGG-3'; and CDK2 forward, 5'-GGGATCCGCC
ACCATGGAGAACTTCCAAAAGG-3',and reverse, 5'-AGGATCCTCAGA
GTCGAAGATGGGGTACTGGCTTGG-3'. The following oligonucleotides of
p21 NLS were used: sense, 5'-TAATTCAAACGGAGGCAGACCAGC
CTGACAGATTTCTATCACTCCAAGCGCAGATTGGTCTTCTGCAA
GAGAAAACCCTGAT-3', and antisense, 5'-CTAGATCAGGGTTTTCT
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CTTGCAGAAGACCAATCTGCGCTTGGAGTGATAGAAATCTGTCA

GGCTGGTCTGCCTCCGTTTG-3'. The following oligonucleotides of
Fbl12 for CRISPR/Cas9 were used: sense, 5'-CACCGACCTGACGCTCT
ACACGATG-3', and antisense, 5'-AAACCATCGTGTAGAGCGTCAGG
TC-3'.

RT-qPCR. Total RNAs were prepared by Isogen II (Nippon Gene). The
cDNA were synthesized by SuperScript III reverse transcriptase (Life Tech-
nologies). Quantitative reverse transcription-PCR (RT-qPCR) was per-
formed with the Thunderbird SYBR qPCR mix (Toyobo) and appropriate
primers and then analyzed by using the Thermal Cycler Dice Real Time sys-
tem (TaKaRa). The primers used were as follows: Fbl12 forward, 5'-CGGTG
GCTGTGGCGACATGTC-3’, and reverse, 5'-CAGGTAGCCACCCATCC
GCA-3'; p21 forward, 5'-TACCCTTGTGCCTCGCTCAG-3', and reverse,
5'-GGAGAAGATCAGCCGGCGTT-3'; and actin forward, 5'-TGGACATC
CGCAAAGACCTG-3', and reverse, 5'-GGAGGAGCAATGATCTTGATCT
TC-3'.

Immunoblot analysis. Cells were lysed in extraction buffer (0.5% NP-
40, 20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM, EDTA, 1 mM
dithiothreitol [DTT]) and centrifuged at 14,000 rpm for 5 min. The
cleared lysates were separated by SDS-PAGE, transferred to polyvi-
nylidene difluoride (PVDF) membrane, probed with primary antibodies,
and detected with horseradish peroxidase (HRP)-conjugated secondary
antibodies and chemiluminescence reagent (ECL Plus Western blotting
detection reagents; GE Healthcare). Immunoblotting data were quanti-
fied using Image]J software.

Coimmunoprecipitation and MS analysis. The cell lysates (see “Im-
munoblot analysis” above) were mixed with either anti-Flag—agarose
beads (Sigma) or protein G-agarose beads (Thermo Scientific) containing
either anti-Myc (9E10; Santa Cruz) or anti-GFP (catalog number 598;
MBL) antibodies for 3 h at 4°C. The immunoprecipitants were washed
and subjected to immunoblot analysis with the indicated antibodies. All
experiments have been performed more than twice, and data are repro-
ducible. The mass spectrometry analysis has been described previously
(29). Briefly, Flag-tagged Fbl12 was expressed in HEK 293 cells, immuno-
precipitated using anti-Flag antibody, and subjected to liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) analysis. These analyses
were performed four times. All proteins identified by MS analyses in every
experiment are listed in Table 1.

GST pulldown assay. The recombinant GST, GST-p21, GST-PA28,
and His-Fbl12/Skpl were purified from Escherichia coli BL21-Gold
(DE3). The recombinant proteins were mixed with glutathione-Sephar-
ose beads (GE Healthcare) in buffer (0.5% NP-40, 20 mM Tris-HCI [pH
7.5], 150 mM NaCl, 1 mM EDTA, 1 mM DTT) and incubated for 3 h at
4°C. The precipitants were washed and subjected to immunoblot analysis
with the indicated antibodies.

His tag pulldown assay. Cells were transfected with the indicated con-
structs and lysed in extraction buffer (6 M guanidinium-HCI, 50 mM
sodium phosphate buffer [pH 8.0], 300 mM NaCl, and 5 mM imidazole).
Cell lysates were sonicated briefly and were then incubated with Talon
metal affinity resin (Clontech) for 4 h at 4°C. The precipitants were
washed with buffer (50 mM sodium phosphate buffer [pH 8.0], 300 mM
NaCl, and 5 mM imidazole) and then subjected to immunoblot analysis.
All experiments have been performed more than twice, and data are re-
producible.

Immunocytochemistry. HeLa cells plated on 15-mm coverslips and
grown in 12-well plates were fixed with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 10 min at room temperature. The cover-
slips were washed in PBS, blocked with 5% bovine serum albumin (BSA)
in PBS with 0.4% Triton X-100, and then incubated with the indicated
primary antibodies for 1 h at room temperature or overnight at 4°C.
Following a PBS wash, samples were incubated with secondary antibodies
(Alexa Fluor 594 —anti-mouse IgG [1:500], Alexa Fluor 488 —anti-rabbit
IgG [1:500]) for 30 min at room temperature in blocking solution. Cells
were imaged using a fluorescence microscope (Biorevo BZ-9000; Key-
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TABLE 1 Proteins identified by MS analysis of Fbl12
immunoprecipitates in this study

Protein name Description

PSME3 (PA28vy) Proteasome activator subunit 3;
isoform 1

SKP1 S-phase kinase-associated protein 1;
isoform b

CULL1 Cullin 1

TCEBI Elongin C

UBR5 Ubiquitin protein ligase E3
component n-recognin 5

AKAPSL A kinase anchor protein 8-like

PPM1G Protein phosphatase 1g

PPP5C Protein phosphatase 5, catalytic
subunit

PRKARIA Cyclic AMP-dependent protein
kinase, regulatory subunit alpha 1

GPRASP2 G protein-coupled receptor associated
sorting protein 2

IPO5 Importin 5

NAPIL1|NAP1L4 Nucleosome assembly protein 1-like 1
or 4

NAP1L4 Nucleosome assembly protein 1-like 4

DDBI1 Damage-specific DNA binding
protein 1

TIMM13 Translocase of inner mitochondrial
membrane 13

NIP30 Hypothetical protein LOC80011

RNF219 Ring finger protein 219

SAPS3 SAPS domain family, member 3

LOC152667|NIP30 NIP30-like family

TTCOC Tetratricopeptide repeat domain 9C

FKBP5 FK506 binding protein 5

MAGED1 Melanoma antigen family D, 1

CACYBP Calcyclin binding protein; isoform 2

Calmodulin 1 or 2 or 3
Calmodulin 1 or 2 or 3 or
calmodulin-like 3

CALM1|CALM2|CALM3
CALM1|CALM2|CALM3|CALML3

CALU
RCN2

Calumenin
Reticulocalbin 2, EF-hand calcium
binding domain

ence). The images were quantified by using Image] software and Prism
(GraphPad Software).

Cell proliferation assay. HEK 293 cells were transfected with either
plasmid. The transfected cells were plated on 96-well plates and incubated
for 4 days. Cellular proliferation was analyzed using microplate reader
model 680 (Bio-Rad) and the Cell Counting Kit-8 (Dojindo) according to
the manufacturers’ instructions.

RESULTS

Fbl12 promotes p21 ubiquitination. A previous study has shown
that Fbl12 binds and ubiquitinates p57*"** during transforming
growth factor B1 (TGF-B1)-mediated inhibition of osteoblastic
cell differentiation (28). It has also been reported that SCEP12
enhances ubiquitination of target proteins implicated in the cell
cycle, DNA repair, and embryonic differentiation (28, 30-32). In
addition, recent large-scale screening identified a somatic muta-
tion of Fbl12 in renal carcinoma (33). Thus, it is likely that
SCF™!'? regulates cellular proliferation and differentiation; how-
ever, it has been unclear whether SCF™"'? mediates ubiquitination
of another Cip/Kip protein, p21. To examine whether Fbl12 inter-
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acts with p21, we first introduced Flag-p21 and Myc-Fbl12 plas-
mids into HEK 293T cells. Immunoprecipitation of Flag-p21 re-
sulted in coimmunoprecipitation of Myc-Fbl12 (Fig. 1A). We
then tested whether this interaction is direct. To investigate this,
we purified the recombinant proteins and performed the GST
pulldown assay. As it is difficult to solubilize the recombinant
Fbl12, we copurified Fbl12 with Skp1, which is reported to stabi-
lize the conformation of F-box proteins (34). GST-p21 binds to
His-Fbl12/Skp1 proteins efficiently in vitro (Fig. 1B). These data
cannot rule out the possibility that p21 associates with Skp1; how-
ever, we speculate that p21 binds to Fbl12 directly since p21 is
capable of interaction with Fbl12AF (see below). To further ex-
amine which region of Fbl12 is responsible for this interaction, we
used the deletion mutants of Fbl12. Unexpectedly, the two dele-
tion mutants that lacked the leucine-rich repeat and F-box region
were capable of interacting with p21 (Fig. 1C), suggesting that p21
associates with both F-box and leucine-rich repeat regions. Next,
to map the binding site of p21, we subdivided p21 into two frag-
ments. p21ANLS interacted with Fbl12; on the other hand, the
NLS region of p21 could not associate with Fbl12. These data
suggest that the CDK inhibitor domain (CDI) and linker region
are responsible for this interaction (Fig. 1D). As Fbl12 forms the
SCF ubiquitin ligase complex, we next sought to determine if ex-
pression of Fbl12 promotes p21 ubiquitination. To examine this,
we transfected cells with histidine-tagged ubiquitin (His-Ub) and
precipitated ubiquitinated proteins using Talon metal affinity res-
ins under denatured conditions. The amount of ubiquitinated p21
was markedly increased when Fbl12 was expressed (Fig. 1E), sug-
gesting that SCF™"'2 promotes p21 ubiquitination in cells.

Fbl12 increases p21 expression levels associated with mixed-
type ubiquitination. Since it is known that the ubiquitination
plays important roles in the selective protein degradation, we ex-
amined whether Fbl12 controls p21 expression level via the pro-
tein degradation. Unexpectedly, overexpression of Fbl12 in HEK
293, HeLa, and HCT116 cells increased the amount of endoge-
nous p21. These data imply that Fbl12 positively regulates p21
abundance in cells (Fig. 2A). We next investigated whether Fbl12
is necessary for an upregulation of p21 under normal conditions.
To investigate this, we developed a clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas9 construct, which pro-
duces single-guide Fbl12 RNA (sgFbl12) (35), and disrupted the
Fbxl12 gene by sgFbl12 construct. The endogenous p21 is slightly
reduced in Fbxl12-deficient cells, suggesting that Fbl12 affects the
amount of p21 in cells (Fig. 2B). To further confirm whether Fbl12
is involved in the intracellular p21 level, we used an endoribonu-
clease-prepared small interfering RNA (siRNA) pool (siFbl12).
The knockdown of endogenous Fbl12 by siFbl12 seemed to de-
crease the amount of p21 (Fig. 2C). We next sought to determine
whether Fbl12 regulates either p21 transcription or mRNA stabil-
ity in cells. To test this, we quantified the p21 mRNA levels using
qRT-PCR. The amount of p21 mRNA was not significantly af-
fected by either overexpression or knockdown of Fbl12, implying
that Fbl12 has little effect on the regulation of mRNA levels (Fig.
2D). Next, to investigate whether the increase in the level of p21
was dependent on the SCF™"'? ubiquitin ligase activity, we used
the Flag-Fbl12AF mutant, which is unable to form a functional
SCF complex. Expression of Fbl12 clearly increased p21 expres-
sion level. On the other hand, Fbl12AF did not substantially in-
crease p21 compared to full-length Fbl12 (Fig. 2E), although
Fbl12AF is capable of interacting with p21 (Fig. 1C). Therefore, it
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FIG 1 Fbl12 promotes p21 ubiquitination. (A) Coimmunoprecipitation of Myc-Fbl12 and Flag-p21 in HEK 293T cells. (B) GST pulldown of His-Fbl12/Skp1
and either GST or GST-p21. The precipitated proteins were analyzed by immunoblotting. (C, top) Schematic structure of Fbl12. F-Box, F-box domain; LRR,
leucine-rich repeat. (Bottom) Coimmunoprecipitation of p21 and either EGFP-Fbl12, EGFP-Fbl12 F-box, or EGFP-Fbl12AF. (D, top) Schematic structure of
p21. CDI, CDK inhibitor domain; NLS, nuclear localization signal. (Bottom) Coimmunoprecipitation of Flag-Fbl12 and either EGFP-p21, EGFP-p21ANLS, or
EGFP-p21INLS. (E) Ubiquitinated proteins were purified from denatured cell lysates using Talon metal affinity resin and analyzed by immunoblotting.
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FIG 2 Fbl12 increases p21 expression levels associated with mixed-type ubiquitination. (A) HEK 293, HeLa, and HCT116 cells were transfected with either
Myc-Fbl12 or control vector. Cell lysates were subjected to immunoblot analysis. (B) Fbxl12-deficient cell lysates were analyzed by immunoblotting. (C, top)
HEK 293 cells were treated with siFbl12 (200 ng/ml or 400 ng/ml) and incubated for 1 or 2 days. Cell lysates were subjected to immunoblot analysis. (Bottom)
The qPCR analysis of Fbl12 mRNA in esiRNA-treated HEK 293 cells. Results were normalized to actin expression (n = 3; data are means * standard errors of
the means [SEM]; *, P < 0.05 by Student’s ¢ test). A.U., arbitrary units. (D) qPCR analysis of p21 mRNA in either Flag-Fbl12-expressing cells (left) or
siFbl12-treated cells (right). Results were normalized to actin expression (n = 3; means = SEM; N.S., not significant by Student’s ¢ test). (E) HEK 293 cells were
transfected with either Flag-Fbl12 or Flag-Fbl12AF. Cell lysates were subjected to immunoblot analysis. (F) His-p21 were purified from denatured cell lysates
using Talon metal affinity resin and analyzed by immunoblotting. (G and H) Ubiquitinated proteins were purified from denatured cell lysates using Talon metal
affinity resin and analyzed by immunoblotting. (I) Ubiquitinated proteins were purified from denatured Fbx/12-deficient cell lysates using Talon metal affinity
resin and analyzed by immunoblotting.

is likely that upregulation of p21 by Fbl12 is dependent on its
ubiquitination. Our data raise the question of why the p21 expres-
sion level was increased despite its ubiquitination. To answer this
question, we analyzed the linkage mode of the polyubiquitin chain

using linkage-specific antibodies. We transfected His-p21 into
HEK 293 cells, precipitated it by affinity resins, and followed this
with detection of ubiquitin linkage by immunoblot analysis. In-
terestingly, expression of Fbl12 enhanced not only K48-linked but
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FIG 3 Fbl12 suppresses default degradation of p21. (A) HEK 293 cells were transfected with either control or Myc-Fbl12 plasmids. The cellular proliferation was
analyzed using the Cell Counting Kit-8 (n = 3; means = SEM; **, P < 0.01 by Student’s ¢ test). (B, left) HEK 293 cells were transfected with either Myc-Fbl12 or
control vector. Cells were incubated with 20 uM MG132 for the indicated times and were then subjected to immunoblot analyses. (Right) Data were quantified
using Image] software. These data are representative of three independent experiments. (C, left) HEK 293 cells were transfected with either Myc-Fbl12 or control
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also K63-linked ubiquitination, suggesting that SCF™"'? pro-
motes a mixed type of ubiquitination. To further confirm this, we
used mutant ubiquitin. Consistent with results shown in Fig. 2F,
expression of His-Ub K48R, of which residue Lys48 is mutated to
arginine, promoted p21 ubiquitination as well as wild-type (WT)
His-UDb (Fig. 2G). These data suggest that Fbl12 has an effect on
the formation of not only the K48-linked ubiquitin chains but also
other linkage modes. Interestingly, His-Ub K63R slightly but sig-
nificantly attenuated this ubiquitination (Fig. 2G). In addition,
expression of Ub 48K and 63K, of which all lysine residues are
mutated to arginine except at Lys48 and Lys63, respectively,
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formed a polyubiquitin chain on p21 by expression of Fbl12 (Fig.
2H). Furthermore, both 48K- and 63K-like ubiquitinations of p21
are slightly decreased in Fbxl12-deficient cells (Fig. 2I). These re-
sults suggest that expression of Fbl12 promotes the formation of a
mixed type of polyubiquitin chain containing both K48 and K63
linkage modes, leading to an increase of p21 expression.

Fbl12 suppresses default degradation of p21. As p21 isknown
to be a CDK inhibitor, we investigated whether Fbl12 impedes the
cellular proliferation. As we expected, Fbl12 expression slightly
but significantly delayed the proliferation (Fig. 3A), suggesting
that Fbl12-induced p21 upregulation is involved in cell growth.
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Next, to examine the mechanisms of how Fbl12 augments the
expression level, we analyzed the synthesis rate using a proteasome
inhibitor. Interestingly, the amount of endogenous p21 was
clearly increased after treatment with MG132. Moreover, Fbl12
expression had little effect on the synthesis rate (Fig. 3B), suggest-
ing that the p21 synthesis rate is rapid under basal conditions
independently of Fbl12. We then examined the degradation rate
of endogenous p21. The half-life of p21 in Fbl12-expressing cells
was clearly extended compared to that in control cells (Fig. 3C). In
addition, p21 degradation was completely blocked by treatment
with proteasome inhibitor, MG132, regardless of Fbl12 expression
(Fig. 3D), demonstrating that Fbl12 attenuates the proteasome-
dependent p21 degradation. We further confirmed whether Fbl12
affects the half-life of overexpressed p21. Overexpression of Fbl12
attenuates the degradation rate of exogenous p21. Moreover,
Fbl12 did not affect the upper limit of overexpressed p21 (Fig. 3E),
implying that an upper limit of p21 expression is already dictated
innately. Probably, overexpression of p21 reaches the saturation
condition in cells. Next, we investigated the mechanisms of how
Fbl12 regulates the amount of p21. Previously, it has been re-
ported that the p21 binding proteins block the default degradation
after new synthesis of p21 (14-16). Additionally, Fbl12 negatively
regulates cellular proliferation. Therefore, we hypothesized that
Fbl12 modulates the binding affinity of p21 with a target protein
involved in the cell cycle, leading to a delay of degradation. To
examine this, we tested whether Fbl12 regulates the interaction
between p21 and CDK2, which is one of the targets of p21 (36).
Interestingly, expression of Fbl12 clearly enhanced their binding
ability (Fig. 3F), demonstrating that the mixed-type ubiquitina-
tion synthesized by Fbl12 promotes their interaction. This finding
may support the idea that binding proteins, such as CDK2, protect
p21 from proteasome-dependent degradation.

PA28y associates with SCF™™"2, To understand the precise
mechanisms by which SCF™''? governs the amount of p21 in cells,
we performed proteomics analysis by using an LC-MS/MS system
to identify the other Fbl12 binding proteins. Consequently, we
identified 27 proteins as Fbl12-binding targets (Table 1). One of
the most interesting proteins was PA28vy. PA28+y forms a homo-
hexameric ring and acts as a proteasome activator (37). Recent
studies have reported that PA28+y directly associates with p21,
leading to p21 degradation independently of ubiquitination (25,
26). Thus, it is likely that PA28y is involved in the control of p21
expression levels in concert with Fbl12. Before pursuing this hy-
pothesis, we verified the interaction between Fbl12 and PA28y.
Myc-PA28+y was significantly associated with Flag-Fbl12 (Fig. 4A).
In the reverse experiment, immunoprecipitation of Flag-Fbl12
but not of Flag-Skp2 (a structural homologue of Fbl12) caused
coimmunoprecipitation of Myc-PA28+y (Fig. 4B). We next deter-
mined the binding region using deletion mutants. We found that
the F-box domain of Fbl12 is required for this interaction (Fig.
4C). Furthermore, recombinant GST-PA28+y was associated with
His-Fbl12/Skpl in vitro, suggesting that PA28vy is able to bind
Fbl12 directly (Fig. 4D). To ask whether these proteins colocalize
in culture cells, we performed immunocytochemistry after ectopic
expression of EGFP-Fbl12. Both EGFP-Fbl12 and endogenous
PA28vy colocalized in the nucleus, supporting the finding that
Fbl12 associates with PA28vy in the same subcellular region (Fig.
4E). We then examined whether SCF™"? ubiquitinates PA28 as
well as p21. The ubiquitination level of Myc-PA28y was compa-
rable with that of the control sample, indicating that SCF*™™'? does
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not enhance ubiquitination of PA28y (Fig. 4F). As the F-box do-
main, which is essential to associate with Skp1 and form the SCF
ubiquitin ligase complex, was important to interact with PA28vy
(Fig. 4C), we next asked whether Skp1 and the PA28y-20S protea-
some are part of the same protein complex. When HA-Fbl12 was
expressed in cells, Myc-PA28+y was coprecipitated with Flag-Skp1.
However, 5, which is a core subunit of the 20S proteasome, was
not included in this complex (Fig. 4G). These results suggest that
SCF™!'2 i5 associated with PA28vy, which is free from the 20S pro-
teasome. To further confirm this observation, we performed a
glycerol density gradient centrifugation. Most PA28y was found
in the lighter fraction, and a small concentration of PA28y was
found in the heavier fraction, including the B5 subunit. Intrigu-
ingly, the fractions containing Fbl12 were different from 5 (Fig.
4H), supporting the idea that SCF™"'? associates with a certain
amount of PA28+y, which is free from the 20S proteasome.

PA28v attenuates SCF*®"?-dependent p21 ubiquitination.
Previous studies have reported that PA28y-20S proteasome pro-
motes p21 degradation independently of ubiquitination. Also, it
has been reported that the defects in PA28+y delay the degradation
rate under normal conditions (25, 26). To verify these results, we
assessed if PA28vy mediates both p21 degradation and amplifica-
tion, at least in our system. We found that overexpression of
PA28y decreased p21 expression levels in several cell lines (Fig.
5A) and attenuated cellular proliferation (Fig. 5B), demonstrating
that PA28 is involved in regulating cellular proliferation via p21
expression level. Since p21 ubiquitination regulated by Fbl12 is
implicated in expression level and proliferation, we investigated if
PA28vy has an effect on SCF™"?-induced p21 ubiquitination. As
we described before, overexpression of Fbl12 increased p21 ubiq-
uitination. However, this effect was suppressed by PA28vy (Fig.
5C), suggesting that PA28y attenuates SCF™"?-induced p21
ubiquitination. These observations prompted us to investigate
whether PA28+y controls p21 expression via incorporation into the
SCF™"'? complex. To assess this, we performed immunoprecipi-
tation assays. In contrast to the previous research, PA28+y did not
show a clear binding to p21. However, this binding was dramati-
cally increased when Fbl12 was coexpressed in cells (Fig. 5D),
implying that PA28+y decreases p21 expression associated with the
regulation of SCF™'"2,

UV stimulation induces p21 degradation through disassem-
bly of protein complex. Previous study has shown that UV irra-
diation induces p21 expression through p53 activation (3). On the
other hand, several studies have shown that UV irradiation trig-
gers rapid degradation of p21 (38-41). Thus, we examined
whether Fbl12 suppresses UV-induced p21 turnover. Stimulation
with UV for 1 h markedly decreased the amount of endogenous
p21 even in the presence of Fbl12 expression in HeLa cells (Fig.
6A). In addition, Fbl12 had little effect on the degradation rate of
p21 in response to UV irradiation (Fig. 6B). Meanwhile, we did
not observe a decrease in the amount of overexpressed p21 by the
UV irradiation in our system (Fig. 6C to F). Probably, the p21
synthesis rate through an expression vector is higher than through
an endogenous p21 promoter. Taken together, our data suggest
that expression of Fbl12 does not attenuate UV-induced p21 deg-
radation. The question arises as to why UV irradiation promotes
p21 degradation despite the existence of Fbl12. To answer this
question, we investigated whether UV stimulation alters the pro-
tein complex status. Consistent with our data shown in Fig. 5D,
Fbl12 promotes an association of p21 with PA28y. On the other
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FIG 4 PA28y associates with SCF™'2, (A) Coimmunoprecipitation of Flag-Fbl12 and Myc-PA28y. (B) Coimmunoprecipitation of Flag-tagged F-box proteins
(Fbl12 or Skp2) and Myc-PA28y. (C) Coimmunoprecipitation of Myc-PA28+y and either Flag-Fbl12 or Flag-Fbl12AF. (D) GST pulldown of His-Fbl12/Skp1 and
either GST or GST-PA28y. The precipitated proteins were analyzed by immunoblotting. (E) Fluorescent images of HeLa cells expressing EGFP-Fbl12. Cells were
stained with anti-GFP and anti-PA28vy antibodies. Bar, 20 wm. (F) Ubiquitinated proteins were purified from denatured cell lysates using Talon metal affinity
resin and analyzed by immunoblotting. (G) Coimmunoprecipitation of Flag-Skp1, HA-Fbl12, and Myc-PA28+y in HEK 293T cells. (H) Cell lysates separated by
a glycerol density gradient centrifugation were subjected to immunoblot analysis. Flag-Fbl12 and PA28y form a complex smaller than 20S.
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FIG 5 PA28vy attenuates SCF™'?-induced p21 ubiquitination. (A) HEK 293, HeLa, and HCT116 cells were transfected with either Myc-PA28+ or control vector.
Cell lysates were subjected to immunoblot analysis. (B) HEK 293 cells were transfected with either control or Myc-Fbl12 plasmids. Cellular proliferation was
analyzed using the Cell Counting Kit-8 (n = 3; means = SEM; *, P < 0.05 by Student’s ¢ test). (C) Ubiquitinated proteins were purified from denatured cell lysates
using Talon metal affinity resin and analyzed by immunoblotting. Expression of PA28vy reduced SCF™"2-induced p21 ubiquitination. (D) Coimmunoprecipi-
tation of Flag-Fbl12, p21, and Myc-PA28y in HEK 293T cells. Ectopic expression of Fbl12 promoted the association of p21 with PA28y.

hand, this effect was attenuated by UV irradiation (Fig. 6C). As
PA28vy remained bound to the SCF™™'? complex after UV stimu-
lation, we hypothesized that the binding ability between p21 and
Fbl12 was decreased in response to UV stimulation. To confirm
this idea, we conducted immunoprecipitation assays with or with-
out UV irradiation. We found that p21 was released from Fbl12
after UV stimulation (Fig. 6D), suggesting that UV stimulation
promotes disassembly of the PA28y-SCF™"2-p21 complex, re-
sulting in promotion of p21 degradation. Finally, we examined
whether UV stimulation regulates the ubiquitination status of p21
in our system. Stimulation with UV for 1 h had little effect on the
change of p21 ubiquitination in the absence of Fbl12 expression
(Fig. 6E). Interestingly, this stimulation slightly reduced the K63-
linked ubiquitination even in the Fbl12-expressing cells (Fig. 6F),
demonstrating that UV stimulation may attenuate Fbl12-induced
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K63-linked ubiquitination. Taken together, these data suggest
that UV irradiation induces disassembly of protein complex and
attenuates K63-linked ubiquitination, leading to rapid degrada-
tion of p21.

DISCUSSION

We have shown here that Fbl12 increases p21 expression levels
through their interactions. SCF*™"? enhances p21 mixed-type
ubiquitination, and this effect was suppressed by PA28~y. Conse-
quently, expression of Fbl12 extended the half-life of p21. Further-
more, UV stimulation promotes disassembly of the PA28vy-
SCF™"'2.p21 complex and reduces mixed-type ubiquitination of
p21, resulting in its degradation. These data demonstrate that
Fbl12 controls the intracellular concentration of p21 and that
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Fbl12-induced mixed-type ubiquitination is a key event that pre-
vents default degradation of p21 via binding proteins (Fig. 7).
Recent studies have shown that p21 associates with binding
proteins immediately after the synthesis, resulting in its stabiliza-
tion (14-16). Probably, this binding hampers K48-linked ubiq-
uitination or recognition by proteasome. In our study, we found
that SCF™"'2 enhances mixed-type ubiquitination, including K63
linkage ubiquitin chain, leading to an increase of p21 expression.
Although the mechanisms inferred from our findings have not
been clarified, several studies have posited a relationship between
the SCF complex and the K63-linked ubiquitin chain. For exam-
ple, one of the F-box proteins, Fbxl21, ubiquitinates CRY to con-
trol the circadian rhythms (42, 43). It was also reported that
SCF™2! mediates the formation of K63- and K11-linked poly-
ubiquitin chains, implying that the linkage modes of ubiquitin
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chains might be a determinant of CRY stability (42). Additionally,
SCFP TP competes with SCF™™"7 and leads to K63-linked ubiq-
uitin chain conjugation on c-Myc that eventually leads to the
blockage of c-Myc from proteasomal degradation (44). Given that
the conjugation of ubiquitin chains of more than four molecules is
thought to be necessary for the recognition of 26S proteasome
(45), insertion of K63-linked ubiquitination into a K48-linked
ubiquitin chain may hamper the preferred conformation of the
polyubiquitin chain, resulting in the decrease of affinity for 26S
proteasome. Since we observed p21 degradation being attenuated
by Fbl12 overexpression along with the rapid p21 synthesis (Fig.
3B), the p21 degradation rate might be surpassed by its synthesis
rate. Consequently, p21 expression level appears to increase in an
Fbl12-dependent manner. Alternatively, it is possible that the
K63-linked ubiquitination competes with K48-linked ubiquitina-
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tion on the same lysine site(s) of target proteins in a manner sim-
ilar to that of c-Myec.

It has been shown that the E2s, which are ubiquitin-conjugat-
ing enzymes, are important for the determination of ubiquitin
linkage mode (46). Usually, SCF complex seems to conjugate K48-
linked ubiquitination with target protein via the recruitment of
specific E2 enzymes, such as UBE2R1 and UBE2D2. On the other
hand, recent studies have reported that the heterodimer of
UBE2N with UBE2V1 plays important roles in the formation of
K63-linked ubiquitin chain (46). The mechanisms of how the SCF
complex mediates mixed-type ubiquitination remain unclear. It
has been known that Ubc4, which is a yeast homologue of
UBE2D2, is involved in the formation of not only K48-linked
ubiquitination but also K63-linked ubiquitination under stress
conditions (47). In addition, UBE2D2 is responsible for SCF®!2-
induced p57 ubiquitination (28). Thus, UBE2D2 is thought to be
a primary candidate that controls SCF**"'?-dependent mixed-type
ubiquitination. However, our preliminary experiments have
shown that the combination between SCF*™™'? and UBE2D2 had
little effect on the enhancement of p21 ubiquitination in our in
vitro ubiquitination assay (data not shown). This suggests that
another specific E2 enzyme is responsible for this cascade reaction
in cells. Alternatively, it is plausible that other unknown factors
play important roles in the regulation of linkage specificity and
activity of SCF™"'2, Indeed, expression of PA28y decreases the
ubiquitination level of not only p21 but also, possibly, autoubiq-
uitinated Fbl12 (Fig. 5C). Probably, PA28vy alters the structural
distance from E2 enzyme to the substrate on the SCF™'2 complex,
resulting in a decrease of ubiquitin ligase activity. The biological
events that underlie PA28y-regulated p21 turnover are yet to be
elucidated. Previously, several groups have shown that PA28y
promotes ubiquitin-independent degradation of p21 through
binding (25, 26). We report here that an increment of PA28y
negatively regulates the amount of p21. As the PA28y level has
been reported to be upregulated by NF-«kB activation (48), the
regulation of the amount of PA28y could mediate a pivotal pro-
cess that controls p21 expression regulated by stress responses.

Recently, we reported that UV irradiation induces Fbl12AF
transcription via the alternative promoter, leading to an involve-
ment of Fbl12 regulation (49). Since overexpression of Fbl12AF
does not affect the cellular proliferation, it is possible that Fbl12-
related pathways are linked to UV-induced DNA damage re-
sponse. Interestingly, we occasionally observed a punctate struc-
ture colocalized with Fbl12 in the nucleus after UV irradiation
(data not shown). It has also been reported that PA28+y translo-
cates to Cajal bodies in response to UV, leading to an enhance-
ment of their degradation (50). These results have suggested that
the SCF™"?-PA28y protein complex is a potent mediator that
regulates nuclear integrity following DNA damage response. Since
a defect in the Fbxl12 gene generated by CRISPR/Cas9 had little
effect on the proliferation under basal condition (data not
shown), our finding could be involved not only in cellular prolif-
eration but also in DNA damage responses as well as Fbl12AF.
One potential mechanism is that Fbl12 activity is augmented by
stress stimulation such as UV. Intriguingly, Fbl12 is thought to be
phosphorylated at Ser-124 (http://www.phosphosite.org/). This
observation suggests that Fbl12 activity is modulated by phos-
phorylation in response to stress stimulation. However, the pre-
cise mechanisms that underlie the control of this mechanisms
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mediated by SCF™'2-PA28~y proteins remain unclear. This will
need to be investigated more thoroughly in the future.

In conclusion, we found that Fbl12 binds and ubiquitinates
p21. This ubiquitination is associated with the stability of p21. In
addition, we found that Fbl12 regulates default degradation under
basal conditions but not under UV-stimulated conditions. There-
fore, our findings elucidate novel mechanisms that underlie the
regulation of p21 expression level in cells.
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