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ABSTRACT

The study of physiological role of p53R2

Piao Chunmei

Advisor : Prof. Ho Jin You Ph.D.
Department of medicine

Graduate School of Chosun University

p53R2 is a newly identified small subunit of riboleotide reductase (RR) and
plays a key role in supplying precursors for DNApaie and mitochondrial DNA
replication. Many studies on physiological functmffp53R2 were done recently, however
not fully elucidated.

In this study, we found some very important protaigated to protein stability,
and tumor metastasis, were interacted with p53R2Ybgst-2-hybrid screening. We
focused on these proteins interactions to undeatstamolecular mechanism of
physiological function for p53R2.

Firstly, we studied for two protein related withopgin stability, Skp1A and Jabl.
SKIP1A is one component of SCF(the Skipl-Cullindxzomplex(ubiquitin protein
ligase). Jabl is a nucleus exporter and inducarytifplasmic degradation for p53. We
confirmed interactions of two proteins by immunaipéation in mammalian cells. p53R2
induced by some DNA damage agents, in p53-depemdaniher, however little is known
degradation of p53R2. We demonstrated that p53R2 short-lived protein, half-life is
less than 30min in living HEK293T cells, and p53®M2gradation is inhibited by
proteosome inhibitor MG132n vitro and in vivo ubiquitination assay elucidate that

p53R2 protein is degraded by ubiquitin pathway EKI293T cell; and this degradation of
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p53R2 were required two components of SCF compiplA and Culinl. p53R2, is
regulated by tumor suppressor p53, and p53R2 emntai p53-binding sequence. In
mammalian cells silencing p53R2, accelerated p$Badiation, and decreased the half-life
of wild-type p53; and overexpression of p53R2 iitkith ubiquitination of exogenous p53
in a dose-dependent manner, whereas knocking dos8R2 by siRNA enhanced
ubiquitination of endogenous p53. In addition te study, p53R2 were binding with Jab1l.
We showed that silencing p53R2, increased transpop53 from nucleus, and this
exclusion mediated by Jabl. These results sudgasas the transcriptional target of p53,
p53R2 regulated p53 stability via Jabl. ,

Secondly, we studied for MEK2 related with tumortastasis. Although some
studies are going on the metastasis-suppressipgycof p53R2, recently, mechanism of
metastasis-suppressing property of p53R2 is narcet. we confirmed that p53R2
interacted with MEK2 by immunoprecipitation, whiisha component of Ras/Raf/mitogen-
activated protein kinase (MAPK) which signal wessaciated with tumor invasion and
metastasis. Then amino acids 160 to 306 of p53R2rdieal for interacting with MEK2.
Binding of p53R2 with MEK2, modulate Erk-MAPKinseathway, silencing p53R2
increased phosphorylation of erkl/2, while overespion of p53R2 decreased
phosphorylation of erkl/2; which susquencialy prtencell invasion by silencing of
p53R2, while overexpression of p53R2 inhibit celdsion, cell transformation. p53R2
Inhibited Erk-MAPKinase signal via inhibiting phdspylation of MEK2 , which affect
Erk-MAPKinase pahway resulted in p53R2 metastagigession property.

All these results suggested that p53R2 is a muitéfional protein, which had
many physiological functions based on interactirithveome important proteins related
with cell survival, DNA repair and so on. Understary the molecular mechanism of
p53R2 function will be significant, not only on DN#pair and replication, but also cell

survival, tumor metastasis and so on.



|.INTRODUCTION

Mammalian cells need a balanced supply of deoxwribteoside triphosphates
(dNTPs) for DNA replication and repair. The ratailing step in the formation of DNA
precursors is the de novo reduction of ribonuct®siphosphates to the corresponding
deoxyribonucleoside diphosphates by the enzymeitleotide reductase (RR) (Reichard,
1988). Classical human RR consists of two proteimdjich together form a
heterotetrameric active enzyme. a large subunitvknas hRRM1 and a small subunit
known as hRRM2, The large hRRM1 (90 kDa) carries dhbtive site, whereas the small
hRRM2(45 kDa) contains a diferric iron center gatiag a tyrosyl free radical necessary
for catalysis (Thelander, 1994). An additional maatien RR protein, p53R2, was
identified in 2000 (Nakano et al., 2000; Tanakalgt2000). Like the homologous hRRM2
protein, p53R2 contains a tyrosyl free radical forchs an active RR complex with the R1
protein in vitro(Guittet et al., 2001). 351-aminciéh p5S3R2 is 8890% identical to
hRRM2 (Chabes et al., 2003). However, expressiop58R2, unlike that of hRRM2, is
not cell-cyle dependent; rather, p53R2 is inducgdDINA damage agents(Arner and
Eriksson, 1995; Bradshaw and Deininger, 1984), saghy -irradiation, UV light, and

adriamycin, in a p53 dependent manner(Nakano,e2G00).

p53R2 has been assumed to facilitate the repailanfaged DNA by providing an
increased supply of dNTPs. Mammalian cells shoamadonstitutive expression of p53R2
protein (Mann et al., 1991; Sandrini and PiskuQ20Zhou and Elledge, 2000), and the
original cDNA cloning was from a mouse skeletal olescDNA library supporting its
expression in hondamaged cells(Mann et al., 19B4¢. exact physiological function of
p53R2 is not known, but it is essential for celivial because mice lacking functional
p53R2 apparently grow normally up to 6 weeks bantHie from kidney failure (Kimura
et al., 2003; Powell et al., 2005).



A.p53R2 regulates p53 stability via ubiquitination pathway
The ubiquitin(UB) system is the most important padytic machinery in eukaryotic

cells and is involved in the regulation of essdrtilular processes such as cell cycle,

signal transduction and antigen processing.

The Ubiquitin - Proteasome Pathway

Ubiquitin
/chain

ATP 26S Proleasqme

E1, E2, E3
Amino acids

Ubiquitin
Antigen
Protein substrate presentation

Figure 1. The ubiquitin (Ub)-proteasome pathway (UPP) of protein degradation.
Ub is conjugated to proteins that are destineddfgradation by an ATP-dependent

process that involves three enzymes. A chain &f fib molecules attached to the protein
substrate is sufficient for the complex to be retoed by the 26S proteasome. In addition
to ATP-dependent reactions, Ub is removed and tbieip is linearized and injected into
the central core of the proteasome, where it iesdiggd to peptides. The peptides are
degraded to amino acids by peptidases in the @doplor used in antigen presentation.
lllustration by Josh Gramling—Gramling Medical Blwation.



The formation of ubiquitin-protein conjugates inwed three components that
participate in a cascade of ubiquitin transfer tieas, an ubiquitin-activation enzyme
(E1),1 an ubiquitin-conjugating enzyme (E2) anduliquitin ligase (E3) that acts at the
last step of the cascade (Ciechanover, 1998). lilrigis first sequentially transferred
through a series of ubiquitin system enzymes, desigl E1, E2, and E3. The E3 enzyme
then transfers the ubiquitin molecule to one or endysine residues in the
substrate(Scheffner et al., 1995).

In the present study, we found that p53R2 bount wuliiquitin proteins(SKIP1A) by
Y2H. SkplA is one component of SCF(the Skipl-Culibox)complex. The SCF (Skpl,
Cdc53/Cullinl, F-box protein) and SCF-like complexee the largest family of ubiquitin
ligases, one of ubiquitin protein ligase which hasmportant role in cell cycle regulations
(DeSalle and Pagano, 2001). Interaction of two pmsteonfirmed and immunoprecipi-
tation, in addition we also found that p53R2 isrshife protein, degraded by ubiquitin
pathyway, and this degradation required of two comemts of SCF, SkplA, Cullinl.
p53R2 degradation by ubiquitination pathway , medidy SkplA.

The tumor suppressor protein p53 is a transcriptamtor activated in response
stress to induce expression of its target genes.prbteins encoded by these genes then
mediate multiple cellular responses, such as gelearrest, apoptosis, differentiation, cell
senescence, or DNA repair. In normal, unstressdll e p53 protein is short-
lived(t¥2~20min), reflecting a rapid turnover thrbug ubiquitin-mediated
proteolysis(Mousden, 2002). The p53 protein is ibza#lol, and its levels increase in
response to various stresses, including DNA dam&ypoxia, and inappropriate
oncogene signaling(Giaccia and Kastan, 1998). Hdedtion of p53 involves several
mechanisms including post-translational modificatio such as ubiquitination,
phosphorylation and acetylation (Giaccia and Kast808).

p53R2, which is regulated by tumor suppressor @bRi p53R2 contains a p53-
binding sequence in intron 1 and encodes a 351eaatit peptide. p53 is known as “the

genome gatekeeper”, the biological mechanisms faintaining the basal level of p53 in
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mormal cells require nuclear exclusion and cytaplagiegradation. In normal condition it
maintained at low steady-state level by ubquitorgtiin addition we confirmed p53R2
bound with Jabl by immunoprecipitation. Jun actbratdomain-binding protein 1

(Jabl1)/CSN5, the fifth member of COP9 signaloso®@&N) complexes, is a nucleus
exporter and inducer of cytoplasmic degradation @68, Jabl facilitates p53 nuclear
exclusion and its subsequent degradation in coatidim with Hdm2(Oh et al., 2006). We
hypothesized that p53R2 regulate p53 stablilityibiguination pathway.

In mammalian cells silencing p53R2, accelerated gegradation, and decreased the
half-life of wild-type p53; overexpression of p53Rihibited ubiquitination of exogenous
p53 in a dose-dependent manner, whereas knockingn ¢g®8R2 by siRNA enhanced
ubiquitination of endogenous p53. p53R2 regulate® stability may be affect export p53
from nucleus and cytoplasmic degradation. We detnatesl that silencing p53R2,
increased exclusion of p53 from nucleus, mediateddbl. These results suggest that as
the transcriptional target of p53, p53R2 regulat®8 stability in return.

This study showed that p53R2 is degraded by ubiqigin pathway, and p53R2
involved in p53 cytoplasmic localization, which seluently leads to the degradation of
p53. These result suggested that maintenance oh@®®&ostasis requires the presence of

p53R2, which may be another useful target for padted cancer therapies.

Cytoplasm ] /\ N

—' Y Y
/ Hdm2 Ub Bes ¢ B @
o & oo Ub bos
/ Nucleus Hdm2p53; - amUb @
Hdm2 N (ps3) bt

Degradation s 1
Oc
—|I ) 00

Hdm2 .

Degradation

" ~
|

e, e

!”

\ P V4
\ 530p53; ~ 0\
gisagpsap w




Figure 2. A schematic diagram of Jabl-dependent p53 nuclear transport and
degradation in coordination with Hdm2. Jab1l might prevent polyubiquitination of p53
by competing with Hdm2. Jabl might induce nuclegpogt of p53 from nucleus to
cytoplasm in coordination with CRM1, RanGTP, etheTlabl-mediated translocation of
p53 would result in the proteasome-dependent datioad of p53 by mediating
polyubiquitination (Wei and Deng, 1999).

B. p53R2 suppress metastass of cancer cel by inhibiting
ERK/MAPK signal

MAPKs are involved in the regulation of a wide raraf cellular responses including cell
proliferation, differentiation and apoptosis(Gutial., 1996; Reddy et al., 1999; Su and Karin,
1996). Activation of the mitogen-activated proteindse/extracellular signal-regulated kinase
(MAPK/ERK) pathway is a frequent event in tumorigsis. MAPKs have been implicated in
cell migration, proteinase induction, regulationapioptosis, and angiogenesis, events that are

essential for successful completion of metastasis(Retdly, 2003).

e watee | ketararared
S h] | R

mitochondria Ras Rh
(e}

v
Raf Rho Kinase

=
B2 % Mﬁ @ 'V”“C #——» CELL MIGRATION
b el

CELL PROLIFERATION

MMmps P ECM
DEGRADATION

APOPTOSIS

Figure 3. Schematic representation of intracellular signal transduction pathways

emphasizing those pathways activated by ERK to regulate metastasis.
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The majority of arrows represent possible mecharnigmwhich ERK activates cell
proliferation, proteinaseinduction, cell migrationdaprevention of apoptosis(Reddy et al.,
2003).

In addition to their role in RR catalysis, hRRM1 d&iRIRM2 also appear to play a role in
determining the malignant potential of tumor celixpression of hRRM1 suppresses tumor
cell transformation, tumorgenesis, and metastasis@Cah, 2003; Fan et al., 1997), whereas
expression of hRRM2 enhances the invasive poteatidluman and mouse cells(Fan et al.,
1996; Zhou et al, 1998). Interestingly, recent studs highly invasive cancer
cells(oropharyngeal cancer KB, prostate cancer P@Bpancreatic cancer MIA Paca-2 cells)
have shown decreased levels of p53R2 and incrdasets of hRRM2(Liu et al., 2006), in
addition, overexpression of p53R2 reduces migratibiKB and PC3 cells and suppresses
invasion by colon cancer, KB and PC-3 cells(Liu et al., 20@@éyefore, in contrast to hRRM2,
p53R2 might function in suppression of cancer galasion and metastasis, although the

mechanism of this suppression remains to be determined.

In the present study, we determined that MEK2(ERKage2/MAP Kinase kinase2)l a
binding partner of p53R2, in our experiments, p53R&ckdown markedly increased serum-
stimulated phosphorylation of MEK1/2 and ERK1/2, ap®3R2 inhibited ERK1/2
phosphorylation by suppressing MEK2 activity. Ousules suggest that p53R2 regulates the
invasive potential of human lung cancer H1299 cells byuilatitig MEK?2 activity.



II. MATERIALSAND METHODS

1. Maintenance of Cdll Lines

HEK 293 (Coriell Institute for Medical Research,n@n, NJ), Human pancreatic
Cancer cell line Mia paca-2(p53 mutant type, ATG@re maintained in Dulbecto
modified Eaglés medium.Human breast cancer epithelial cell lines MCF-7 ¢Gdriell
Institute for Medical Research, Camden, NJ) weréntaged in RPMI-1640 medium.
Human lung carcinoma H460(p53 wild type), H1299 3qobill) cells (ATCC number
CRL-5803; Manassas, VA) were grown in RPMI 1640 imedHuman osteosarcoma cell
line U20s(p53 wild type, ATCC) was cultured in Mo@bA medium. HCT116(p53+/+),
HCT116(p53-/-) were maintained in IMDM medium. Akllline supplemented with 10%
fetal bovine serum, 100 units/ml of penicillin, ab@0 mg/ml of streptomycin (Invitrogen,
Carlsbad, CA). The cells were maintained in a huffed incubator in an atmosphere
containing 5 % C@at 37°C.

2. Plasmid constructions of p53R2

The human p53R2 cDNA was amplified by RT-PCR ushey p53R2 oligo primer:
sense 5- GAATTC ATG GGC GAC CCG GAA AGG C -3 anmdtisense 5'- AAA ATC
TGC ATC CAA GGT GAA -3 from human fibroblast GM08& cells. The amplified
p53R2 cDNA construct was cloned into a pcDNA3.1/-M§ TOPO mammalian
expression vector(invitrogen), which was driventhg CMV promoter(Invitrogen) and
confirmed the DNA sequence and orientation. TheR&8onstruct was transfected into
cells using Lipofectamine transfection reagentthogen) according to the manufacturer’'s
instruction, after transfection, cells were inc@ohiwith complete medium containing
400ug/ml G418 for 5 weeks, the cell clones resistarB4d.8 were isolated and analyzed.
Full-length human p53R2 cDNAs or truncated p53R2§1, 1-618, 91-1,053, 619-1,053,
and 946-1,053 bp cDNAs) cDNA fragments were angalifby PCR using PCR Master
Mix (Promega, Madison, WI). All resulting PCR pratdsi were cloned into
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pPCR8/GW/TOPO vector (invitrogen), then for mammaliexpression were inserted in
pcDNA-DEST47 Gateway ® vector with LR reaction bat@vay® LR clonase TM I
Enzyme Mix(invitrogen), resulting in mammalian esgsion constructs. All constructs
confimed the sequence. The amplified p53R2 cDNA glased into a pcDNA-DEST47

Gateway vector(invitrogen);
Topo-p53R2EcoR1 F1: 5- GAA TTC ATG GGC GAC CCG GGG C -3
Topo-p53R2 R end: 5’- AAA ATC TGC ATC CAA GGT GAA*-3
p53R2Entry F 5’- ACC ACC ATG GGC GAC CCG -3
ENTRY P53R2: 5- TCATTC AAT TGC ATT AAATAAAAATIC C -3’
ENTRY P53R2 483R: 5'- TTC AAT TGC ATT AAATAAAAATCC-3
p53R2 F91 ATG : 5-ACC ATG GAA GAG CCA CTC CTA AGA AB AGT TC-3’
p53R2 F619 ATG: 5-ACC ATG TGG CTA AAG AAG AGA GGTTT ATG CC -3

p53R2 F946 ATG: 5’-ACC ATG TCT TTG AGA AGG AAA AAGQAATTT CTT
TG-3'

p53R2 R618: 5'-GAA TAT AGC AGC AAAAGATCC TG-3

After confirming the DNA sequence and orientatidghe p53R2 construct was
transfected into cells using the Lipofectamine dfaation reagent (Invitrogen Life
Technologies) according to the manufacturer’s irtdions. After transfection, cells were
incubated with complete medium containing 200ugBall8 for 4 weeks. The cell clones

resistant to G418 were isolated and analyzed.
3. Small interfeing RNA(SIRNA) based experiments

Three target sites within human p53R2 genes weoseshfrom the human p53R2
MRNA sequence (Genbank accession no.AB ab0360688i¢h was extracted from the
National Center for Biotechnology Information Entraucleotide database. After selection,

each target site was searched with National CéatdBiotechnology Information BLAST
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to confirm the specificity only to the human p53Rhe sequences of the 21-nucleotide
sense and antisense RNA are as follows: hRRM2BN&-R5'- UGA GUU UGU AGC
UGA CAG AUU -3’ (sense) and 5- AAU CUG UCA GCU ACAAC UCA -
3'(antisense) These siRNAs were prepared usingaasdription-based method with a
Silencer siRNA construction kit (Ambion) accordibtg the manufacturer’s instructions.
Cells were transiently transfected with siRNA duwete using Oligofectamine (Invitrogen)
and stably transfected with the constructed siRXgression plasmid based on pSilence
hygro vector (Ambion), which includes a human Uémoter and a hygromycin resistance
gene, using LipofectAMINE (Invitrogen). pSilencegny vector was used as the negative
control. If required, we selected several resistatdnies against 100g/mL hygromycin

in the medium after transfection.
4. Western blot analysis

The cell were washed with phosphate-buffered sgR&S) and lysed on ice for 10
minutes in the M-PER mammalian protein Extracticagent (PIERCE) added protease
Inhibitor Cocktail tablet (Roche). After incubatioextracts were vortexed for 5min and
centrifuged at 13000rpm for 15min. The supernataas diluted with % SDS-sample
buffer and boiled. After cellular protein concetitvtas were determined using the dye-
binding microassay (Bio-Rad, Hercules, CA), and@0f protein per lane were separated
by 10% SDS-polyacrylamide gel electrophoresis ($12&E). After SDS-PAGE, the
proteins were transferred onto Hybon ECL membraf@mersham Biosciences,
Piscataway, NJ). After electroblotting, the memiesawere blocked by 5% skim-milk in
Tris buffer saline containing 0.05% Tween-20(TB%W,mM Tris-HCI, pH 7.4, 150 mM
NaCl, 0.1 % Tween-20) at room temperature for 2610lhe membranes were rinsed with
TBST and then incubated with appropriate primarybaies in TBST at £ overnight.
All antibodies used in this study are anti-p53R2yplonal antibody (pAb) (Santa Cruz
Biotechnology, Santa Cruz, CA); anti-p44/42 pAbti-phospho-p44/42 pAb, anti-Akt
pAb, anti-phospho-Akt pAb, anti-MEK1 pAb, anti-MEK#2Ab(Cell Signaling Technology,
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Danvers, MA); ant-actin mAb (BD Phamingen, San Jose, CA); anti-adinbmAb (BD
Phamingen, San Jose, CA); anti-p53R2 mAb (Abnowpdi, Taiwan). We followed
manufacturer’s protocol for dilution of all primagntibodies. The membranes were then
washed, incubated with the biotinylated secondariibodies (1:4,000) in a blocking
buffer for 2 hours at room temperature , and waisdgain. The blotted proteins were
developed using an enhanced chemiluminescencetidetesystem (iNtRON, Biotech,

Seoul, Korea).

5. Immunopr ecipitation (1P)

Whole cell lysates were made in lysis buffer (50 rEPES at pH 8.0, 150 mM
NaCl, 0.5% Triton X-100, 0.5% NP-40, 100 mM NaFmM PMSF, 1 mM DTT, X
complete protease cocktail and 10% glycerol) ardcpgared with protein A Sepharose
beads for 1 h. The lysates were then immunopratgatwith the indicated antibodies and
isotype-matched control antibodies plus proteinebl&arose for at least 4 h or overnight.
Beads were washed four times with lysis buffer,eowith ice-cold PBS and boiled irnx2
loading buffer. Protein samples were resolved bySHFAGE and transferred onto
nitrocellulose membrane, which was blocked in 5%nskilk in PBST and probed with
the indicated antibodies. The following antibodigsye used for immunoprecipitation and
western blotting: rabbit polyclonal MEK2 antibodgpuse GFP B-2 monoclonal antibody,
goat p53R2 polyclonal antibody (Santa Cruz Biotettgyg Santa Cruz, CA).

6. Confocal | mmunofluorescence Analysis.

Cells were grown on sterile glass coverslips atC3#r 24 h and 16-24hrs serum
starvation stimulation with FBS for 10-30min. Aktkesignated times, cells were washed
briefly with PBS and fixed with 4% parafomaldyhytte 5 min. After fixed cells were
washed with PBS three times, then 0.3% Triton X-100min, Then blocked for 1 h in a
blocking buffer (0.5% BSA in PBS), and then addiibincubated for another hour in PBS
with 0.5% BSA containing anti-p53, anti-Jabl, afiitK2 , anti-p53R2 4°C overnight.

After washing three times in PBS, cells were intablawith Chicken anti-rabbit 488,
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chicken anti-goat 563 secondary antibodies in PBS @5% BSA for 1hr. Coverslips
were washed five times with PBS and mounted. Image® acquired using a confocal

microscope (Zeiss).
7. Nuclear-cytoplasmic fractionation

Cells were harvested and resuspended inu80affer A (25 mM Tris—HCI at pH 8.0,
10 mM KCI, 1 mM DTT and 0.5 mM PMSF) supplementedhwcomplete protease
inhibitor cocktail (Boehringer Mannheim). After imgation on ice for 15 min, 50l of
10% Nonidet P40 was added to the cells and vortéxedO sec. After centrifugation at
1,40Qy for 30 sec, the supernatants were collected andesulently referred to as
cytoplasmic extracts. The pellet was resuspended@yul of ice-cold buffer C (50 mM
Tris—HCI at pH 8.0, 400 mM NaCl, 1 mM DTT and 1 miRMSF) supplemented with
complete protease inhibitor cocktail (Roche). Attentrifugation at 15,0@0for 30 min,

the supernatants were collectd and subsequendyreefto as nuclear extracts

8. In vitro invasion assay.

In vitro invasion assay was performed using BD BiocoatdioraAssay system(BD
biosciences) according to manufacture. NCI-h1298 1®) were placed in the upper
chamber of system with serum medium. the lower @inpent was filled with serum-free
media containing 5% bovine serum albumin. Cellsemglaced in the upper part of the
transwell plate, incubated for 24h, fixed with naetbl, and stained with Hematoxyline for
10min followed briefly by eosin. The invasive phemes were determined by counting
the cells that migrated to the lower side of titerfiwith microscopy atx 400, ten random
filelds were accounted for each filter, and eacim@a was assayed in triplicate.
Invasiveness was caculated ad the percentage I3f telt had successfully invaded

through the Matrix-coated membrane to the lowelsaellative to the total number of the
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cells seeded into the upper wells. The invasioayasgere done in triplicate and repeated

once.
9. Soft agar colony formation analysis

Cell transformation was evaluated with a soft-agasay. Stable transfectant or
control cells were plate 10 in duplicates in 60-mm tissue culture dishes dairtg
0.3% top low-melt agarose and 0.6% botton low-raghirose(Bacto agar; Difco,Detroit,
MI, USA) supplemented with DMEM 10% CS. Medium wagplaced every 2 to 3 days,
and the cells were left for 14 days after reacluogfluence. Microscopically visible foci

were then counted and photographed.
10. In vitro and in Vivo Ubiquitination Assay

In Vitro ubiquitination Assay, in a 30l reaction, Ll of p53R2 protein obtained from
TNT kit(TNT® T7 Quick Coupled Transcription/Tranttan System, Promega), was
incubated with an ATP regenerating system (50 mi8 TpH 7.4-7.6], 1 mM MgCl 5
mM ATP, 20@M Hemin), 5ug of methyl-ubiquitin, and 1Qg of S100 at 37°C for one
hour. After terminating the reactions with SDS shmbpuffer, reaction products were
fractionated by SDS-PAGE (10%) and analyzed by Wastblotting with specific
antibody.

In vivo ubiquitination assays were conducted as previadssgribed (Kubbutat et al.,
1997). Briefly, HEK 293 was transfected with condiions of the following plasmids as
indicated in the figure legends: His6-ubiquiting{ty), myc3-p53 (0.4g), p53R2(0.4, 0.8,
1.2ug) using Metafectamine. For inhibition of proteasemediated protein degradation,
the cells were treated with 20 mM MG132 for 4 hdpefharvest. Forty-eight hours after
transfection cells from each plate were harvestad split into three aliquots, one for
immunoblot and the other two for ubiquitination aass For pulldown assay, Cell pellets
were lysed in buffer | (6 M guanidinium-HCI, 0.1 théter Na,HPO)/NaH,PCQ;, 10 mM
Tris-HCI (pH 8.0), 10 mmol/liter3-mercaptoethanol) and incubated with Ni-NTA beads
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at room temperature for 4 h. Beads were washed eack with buffer Ibuffer 1l (8

mol/liter urea, 0.1 mol/liter N®{IPQ/NaH,PQ,, 10 mmol/liter Tris-HCI (pH 8.0), 10
mmol/liter 3-mercaptoethanol), and buffer 1l (8M urea, 0.1 MuNPQOy/NaH,PCQ,, 10

mM Tris- HCI (pH 6.3), 10 mMB-mercaptoethanol). Proteins were eluted from tteelbe
in buffer IV (200 mM imidazole, 0.15 M Tris-HCI (pH.7), 30% (v/v) glycerol, 0.72 M
B-mercaptoethanol, and 5% (w/v) SDS). Eluted prateirere analyzed by immunoblot
with monoclonal anti-p53 (DO-1), anti-HA, antibodieFor Immunoprecipitation, cell

lysates were IP with anti-p53(DO-1), and detecté@t anti-ubiquitin.
11. Statistical analysis

Results are expressed as mean + standard devi@bDh For statistical analysis,
ANOVA with p values were performed for both the overal) @nd the pair-wise

comparison as indicated by asterisks. Valugs<6f05 were considered to be significant.
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I11.RESULTS

A. p53R2 degrades via ubiquitination pathway

1. Identification of p53R2 interacting with some ubiquitination protein.

To identify candidate molecular mediators of uln¢gtion pathway, we used full-
length and partial (343-717) human p53R2 clonedG®BT9 vector as bait in Yeast Two
Hybrid screen. We identified two positive cloneagds highly homologous with human
SkplA, the other is with Jabl, re-Yeast 2 hybridswlane to confirm binding of p53R2
and Skpl1A, Jabl which cloned in pACT2AD vector waed as prey. Interaction of these
two proteins results in the formation of colonies—Leu/-Trp/-His plate. Interaction is
confirmed by the formation of blue colonies in Xplad gal-Leu/-Trp/-His plate after 3-5
days of incubation period at 80 Positive colonies were picked up and cultureY RD
broth. After overnight incubation, plasmid DNA wastracted, amplified by PCR and
sequenced. Confirmed sequencing results provep88R2 binds to SkplA, Jabl in yeast
cells (Fig. 4A). In order to confirm these proteins binding in nnaatian cells,
immunoprecipitation-Western blot assay was donputif10% of the lysate used for
immunoprecipitation assay) indicated the preseh@®8R2 in (Fig4B, 4C). The lysate of
MCF7 cells was incubated with anti-p53R2, SkplA ildy to selectively
immunoprecipitate intracellular p53R2. The immuresipitates were then subjected to
Westernblot analysis with anti-p53R2 antibody. Aswen in Fig.4B, SkplA interaction
with p53R2 in MCF7 cells (FigB, lane 2.3), while control experiments could note3én
findings indicate that Skp1lA may interact with p23iR vivo. The cell lysate of MCF7
cells was incubated with anti-Jabl antibody toc®lely immunoprecipitate intracellular
p53R2. The immunoprecipitates were then subjeaeWeésternblot analysis with anti-
p53R2 antibody. As shown in FigC, Jabl could bind p53R2 in MCF7 cells (Fif,

lane 3.4). Control experiments showed that immuecipitate mouse derived serum could
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not. These findings indicate that Jabl may intevdtt p53R2in vivo. The result from
Y2H, and immuoprecipitation, p53R2 interaction wi#bme ubiquitin proteins, however
there are no significant difference between MCHI& ¢eeated with or without 10J of UV,

from the all above we can know these interactiodependent of DNA damage wvo.

A B
IP:SKP1A 1P:p53R2
pGBT9+ p53R2 (Full length) & N & Q <
. R R §\é éfzrc’é\ 60‘) bqfé\\ é’bo 0(53\\ ,Zr\\A
Name of binding protein Re-yeast-2-hybrid © & NS & Rs & &

SKP1A (NM_170679) OK ! “ IB:p53R2
OK

p53R2/liver a486
Jabl OK

pGBT9+ p53R2 (343-717) input IP:Jabl IP::mouse IgG
C W Cc uWw Cc uw

Name of binding protein| = Re-yeast-2-hybrid -
- - IB: p53R2(N-16)

MCF7

SKP1A OK

Jabl OK

Figure 4. p53R2 interact with ubiquitination protein

(A) p53R2 binded with some ubiquination protein in Yeakybrid screening, p53R2
full length and partial (343-717) cloned in pGBT&ctor respectively used as bait
and SkiplA, Jabl cloned in pACT2AD vector was usegrey for Re-yeast Two
Hybrid analysis.

(B) p53R2 binded with SkplAn vivo, Hela cells were treated with or without UV
damage 24h , and lysated. Proteins were immungptaieid from the lysates
wityh anti-p53R2 and anti-Skpl1A Ab, and the immuremjipitates were subjected
to Western blot analysis with an Ab specific foBR2.

(C) MCF7 cells treated with or without 10J of UV thearvested after 24hrs and
lysed. Proteins were immunoprecipitated from theatgs with anti-Jabl Ab, and
the immunoprecipitates were subjected to Westenot bhalysis with an Ab
specific for p53R2. Lanel and Lane 2 contain 10ptiinNormal mouse 1gG was

used as an immunoprecipitation control.
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2. p53R2 isdegraded through ubiquitination pathway

p53R2 induced by DNA damage agent, in the p53 dig@nmanner, however little
is known about how p53R2 degraded, we carried olsepchase experiment to assess the
stability of the p53R2 proteiim vivo after blocking protein synthesis with cycloheximnid
The majority of protein substrates targeted by uwb@&juitin system are short-lived. As
shown in Fig5A, the half-life of p53R2 protein in HEK293T cels+30 min. To examine
whether tagging of p53R2 with ubiquitin leads alsaegradation of the proteiim vitro
andin vivo ubiquitination assay was done, we reconstitutedliafree proteolytic system.
p53R2 protein was obtained by TNT kit, then incidratin reconstitiuted cell-free system
with S100(Hela cell extract ), Incubation of wt |B&Bin the presence of s100, ubiquitin,
and ATP leads to complete degradation of the proi@b3R2 leads to accumulation of
high molecular-mass ubiquitin conjugates of p53R@mf 2hrs(Fig5B). thenin vivo
ubiquitin assay was carried out, HEK293T cells weotransfected with p53R2, His6-
ubiquitin and SKIP1A vector, in the presence of R83leads to accumulation of high
molecular-mass ubiquitin conjugates of p53R2@@). Altogether these data suggested

that p53R2 degraded via ubiquitination pathway.
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Figure5. p53R2 p53R2 isdegraded through ubiquitination pathway
(A) Stability of p53R2 in vivo. The half-life of p53RiE HEK293T cells was

measured in a pulse-chase experiment as describdddterials and Methods. The

cells were treated with cycloheximide(CHX) to blogkotein synthesis, cell

lysates were prepared at the indicated time anltyyethby Westernblotting with

anti-p53R2, anti-actin, respectively.

(B) p53R2 ubiquitination assaw vitro, 1ul of p53R2 protein which obtained by TNT

assay were incubated in Hela cell extract(s1003,24rs, 6hrs in 3T

, reaction

were stopped by the addition of 1/5 volume ofSDS-PAGE sample buffer,

protein seperated by SDS-PAGE, Western blotted &BF membranes, and
probed with anti-p53, anti-p53R2.
(C) p53R2 ubiquitin assain vivo, HEK293T cell were cotransfected either p53R2,

ubiquitin vector, cells were disrupted and extraggse immunoprecipitated with
anti-p53R2(N-16) antibody and resolved by SDS-PABEteins were detected
by Western blot analysis anti-X press.
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3. Mediation of p53R2 ubquination by the SCF complex(F-box-SK P1-culinl)

Ubiquitin-dependent proteolysis plays a criticdlerin the control of many cellular
processes and is mediated by a cascade of enzywasiing ubiquitin activating (E1),
conjugating (E2), and ligating (E3) activities(Otaad Xiong, 2001). Cull is the best
characterized member of the family and is the onlg that interacts with Skpl, It is likely
that the emerging role of Cull in SCFs is as a coraponent that supports the targeting
of multiple substrates(DeSalle and Pagano, 2@84ttranslational modifications of target
proteins are implicated in the recognition by dertaCF-type E3 ubiquitin ligases and
subsequent degradation by the 26 S proteasome@iechr, 1998; Ivan et al., 2001;
Yoshida et al., 2002).

To identify whether SCF complex(Fbox-Skpl-culinffget the degradation of p53R2,
specific components of an E3 ubiquitin-protein $ge&5CF, cull and SkplA was tested by
using p53R2 as a substratevivo ubiquitination assays. To test effect of cull &3R2
ubiquitination, HEK293T cell were cotransfectedheit p53R2-V5-HIS, cull vector, cells
lysed and extracts and probed specific antibodghas/n Fig.6A, p53R2 protein degraded
by transfected by cull vector. Whether SkplA effggBR2 ubiquination too, HEK293T
cells transfected with SkplA, p53R2, and then p58R3raded in dose dependent of
SkplA(Fig. 6B). For the further studyin vivo ubiquination assays were done. We
cotransfected ubquitin, p53R2, SkplA expressiorctore to HEK293T cells,
accumulation of high molecular-mass ubiquitin cgajies of p53R2 might be increased in
expressioned SkplA when transfected with SkplAesgion vector, however ladder of
ubigination of p53R2 is not changed much, morecdédi experiment will be designed to
obtain good result(Fig6C). It appears that p53R2 degraded by ubiquinatiod a
ubiquination of p53R2 require of SCF complex.
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Figure 6. Degradation of p53R2 needs SCF complex(F-box-SKP1-culinl)
(A) Effect of cullinl on p53R2 degradation, HEK293TI aeére cotransfected either

p53R2-V5-HIS, cull vector, cells were disrupted arektracts were
immunoprecipitated with anti-V5 antibody and resalvoy SDS-PAGE. Proteins
were detected by Western blot analysis.

(B) Effect SkplA on p53R2 degradation, HEK293T cell aveotransfected either
p53R2-V5-HIS, SKIPIA vector, cells were disruptechda extracts were
immunoprecipitated with anti-p53R2 antibody andohesd by SDS-PAGE.
Proteins were detected by Western blot analysis.

(C) Effect of SkplA on p53R2 ubiquitin assdp vivo, HEK293T cell were
cotransfected either p53R2-V5-HIS, ubiquitin, SKAPMector, cells were

disrupted and extracts were immunoprecipitated \aitii-p53R2 antibody and
subjected Westernblot by anti-X press for ubiguarat
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4. p53R2 regulates p53  stability

p53 is known as “the genome gatekeeper”, the bicddgnechanisms for maintaining
the basal level of p53 in mormal cells require reacl exclusion ans cytoplasmic
degradation.

To determine whether the p53 level is regulate@®8R2 in wild-type p53 cell lines,
including a pair of MCF7 and U20s cells that aré&dvtype ©53+/+), cells were treated
with the p53R2 small interfering RNA (siRNA), treant for 24 hours resulted in a
significant decrease in p53 level (Fif).

The effect of p53R2 on p53 steady-state levels ds due to changes in their
transcription because p53R2 does not alter the damaoe of p5S3mMRNA in human
HCT116 cells (data not shown), but regulates theilgiaof p53 protein.

Effect of siRNA-mediated down-regulation of the dta GMO00637 cellline
transfected with p53R2 shRNA, lysates from indidatells subjected to western blot with
specific antibody. p53R2 regulate stability of p5®tpin in both transient and stably
transfected celllines(FigB), p53R2 Stabilityin vivo. Cells were cultured in the presence
of 80 ug/ mlCHX, and were subsequently analyzed by Western bhat.half-life of p53 in
U20s and MCF7 cells was measured in a pulse-chgeiment. Knocking down p53R2
by siRNA decreased the half-life of wild-type p53MEF7 or U20S cellgFig. 7C).

All these data shown that p53Ras the transcriptional target of pS&gulate p53
stability.
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Figure7. p53R2regulatesp53 sability
(A) Effect of siRNA-mediated downregulation of p53R2tbe steady-state levels of

p53 in MCF7, U20s cells. Lysates from indicatedscelibjected to western blot
with specific antibody.

(B) Effect of siRNA-mediated downregulation of the $allGMO00637 cellline
transfected with p53R2 shRNA, Lysates from indidatells subjected to western
blot with specific antibody.

(C) Stability of p53R2 in vivo. Cells were culturedthme presence of 8tg/ ml CHX,
and were subsequently analyzed by Western blotigkfdife of p53R2 in U20s
and MCF7 cells was measured in a pulse-chase expetias described in

Materials and Methods.
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5. p53R2 regulates p53 stability via ubiquitination pathway

To determine if the effect of p53R2 on p53 steadyeslevels is due to changes p53
ubiquitination,in vitro andin vivo ubiquitination assay were done, p53 ubiquitin w$sa
vitro, 1ul of p53 with or without p53R2 protein, bothofwins which obtained by TNT
assay were incubated in Hela cell extract(s1003 #hB7C, reaction were stopped by the
addition of 1/5 volume of 8SDS-PAGE sample buffer, protein separated by SDSPA
Western blotted and probed with anti-p53 antibdehpm the figureBA, there are ladders
above the p53 band, while the control lane is ndMhich means p53R2 blocked
ubiquination of p53In vivo ubiquitination assay, HEK 293 cells were trangdcivith
expression DNAs encoding myc3-tagged wild-type pgBM2, His6-Ubiquitin or co-
transfected with p53R2 DNA. Lysates from the trantfd cells were immunoprecipitated
with an anti-p53(DO-1) antibody, and the immunojpitates were examined with an
antibody against ubiquitin, or immuno-precipitatadth NTA-Ni bead, and the
immunoprecipitates were examined with an antibaghirest p53(DO-1). As shown in Fig.
8B, a high molecular weight ladder of p53 specie$ #na ubiquitin-p53 conjugates was
increased in p53R2 transfected cell types when agg8ed wild-type p53 was expressed
with MDM2, indicating that overexpression of p53R2reases ubiquitination of p53 in a

dose-dependent manner.
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Figure 8. p53R2 regulates p53 stability via ubiquitination pathway
(A) p53 ubiquitin assayn vitro, 1ul of p53 with or without p53R2 protein, both

proteins which obtained by TNT assay were incubatedela cell extract(s100)
4hrs in 37C, reaction were stopped by the addition of 1/5 vaunfi 5<SDS-

PAGE sample buffer, protein seperated by SDS-PABEstern blotted and
probed with anti-p53 antibody.

(B) p53R2 ubiquitin assayn vivo, HEK293T cell were transfected either p53,

ubiquitin vector, cells were lysed and immunopréated with anti-p53 antibody
and Western blotted with specific antibody.
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6. p53R2 mediates nuclear export of p53

p53R2 regulate p53 stability via ubiquitin pathwadydm?2 is considered a major
factor that contributes the most to lowering theele of p53 under normal conditions.
However there is no change of Hdm2 level in botBR silengcing and overexpression
cells according to p53 level, so p53R2 regulate g&dility by ubiquintin pathway is
hdm2 independent. May be p53R2 regulate p53 dtalitirough effecting at bridge
ubiquitination and the nuclear export of p53.

To determine whether p53R2 related to nucleus siaruof p53, MCF7 cells were
transfected with p53R2-targeted siRNA and conti®Ng\, treated with or without 10J of
UV, 24hrs later stained with labeled anti-p53. p83iRencing, nucleus p53 increased( Fig
9A), MCF7 stably trasfected with p53R2 shRNA consbRNA as control, cell lysed,
separated cytosol and nucleus fraction and suloiect@/estern blot with specific antibody.
Histograms indicate the percentage of p53 in ngcieareased in p53R2 knocking down
cells and cytosol portion were increased in noroaaldition ( Fig9B). As UV condition,
nucleus increased in p53R2 knocking down cells @tdsol portion were increased (Fig
9A). All these result confirmed the p53R2 regulat8 p&ability, by mediates p53 exclusion

from nucleus to cytoplasm.
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Figure 9. p53R2 mediates nuclear export of p53

(A) MCF7 cells were transfected with p53R2-targetedNgiRand control SiRNA,
treated with or without 10J of UV, 24hrs lateriséal with labled anti-

p53(green). Scale bars,id..

(B) MCF7 stably trasfected with p53R2 shRNA control-si#Ras control, cell lysed,

separated cytosol and nucleus fraction and suljeéot®/estern blot with specific

antibody. Histograms indicate the percentage ofip%ficleus and cytosol.

(C) MCF7 stably trasfected with p53R2 shRNA control-sl#Ras control, cells
treated with or without UV 10J, Ohr, 3hr, 6hr, 122¢hr incubated with 10% FBS,

cell lysed . Separated cytosol and nucleus fraciioh subjected to Western blot

with specific antibody.
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7. p53R2 mediated p53 nuclear exclusion via Jabl

Recent studies determined that Jabl functions rasckear exporter and inducer of
cytoplasmic degradation for p53(Lee et al., 2006a)estimate whether Jabl and p53R2
interaction effect p53 translocation, we transfecHEK293T cells with p53, jabland
p53R2, then cell lysed, separated cytoplasm ankkuasiéraction. and subjected to Western
blotting with anti-p53 Ab. Remarkedly p53R2 inhipt3 nucleus exclusion and degraded
in cytosol(Fig.10A), this result is similar with the result of con&banicroscope assay,
MCF7 cells transfeted with p53R2-siRNA, and consiitNA, treated with UV damage,
p53 and Jabl interaction were increase p53R2 gilgneells compared with control
SiRNA(Fig. 10B).

Interaction of p53R2 and Jabl effect the p53 nuclexclusion, furthermore

decreasing p53 degradation in cytoplasm.
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Figure 10. p53R2 mediates p53 nuclear exclusion via Jabl
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(A) HEK 293T cells transfeted with p53, p53R2, Jabltare@4hrs later, cells were
lysated and extracts were separated cytoplasm aseusufraction, then subjected
to Western blot analysis with an Ab specific foBp5

(B) MCF7 cells were transfected with p53R2-targetedNgiRand control siRNA,
treated with or without 10J of UV, 24hrs later s&d with labled anti-p53(green)
and anti-JAB1(red)Abs. Colocalization of Jabl arB pn cells is shown as

yellow in the merged images. Scale bargriO

B. p53R2 suppresses MEK/ERK activity and tumor cell invasion
by binding to ERK Kinase2

1. MEK2 isabinding partner of p53R2 in vivo.

To identify proteins binding to p53R2, particulatlyose that might be involved in
cancer progression, a yeast two-hybrid screen adatt human liver cDNA library was
performed using a pGBT9-p53R2 as the bait. Of sdvwersulting candidates, one was
identified as a partial MEK2 cDNA sequence. To daiee whether MEK2 would interact
with p53R2 in a cell endogenously expressing botiteins, we used immunoprecipitation
assays. After U20S cells were serum-starved fon 46d incubated with or without 20%
FBS for 30 min, the cells were lysed, and the ¢allproteins were immunoprecipitated
with a p53R2-specific Ab and subjected to Westelottihg with anti-MEK2 Ab.
Immunoprecipitation with anti-p53R2 Ab revealedttkadogenous p53R2 bound MEK2,
and stimulation with 20% FBS did not significanthange the amount of p53R2 that
bound to MEK2 (Fig11A). Binding was specific, as shown by the fact thaitiEK2 was
detected in samples immunoprecipitated with moygge (lanes 5 and 6). Endogenous
MEK2 and p53R2 form a complex under the conditiofisooth serum starvation and

serum stimulation. A common theme in growth fadtignaling cascades is the induction
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of specific intracellular protein-protein interamts as a consequence of of phospho-
ERKZ1/2 in these cells after incubation in 20% FB&dinm for 24 h were determined by
probing blots with an ERK1/2 Ab. As shown in FityB and C. In a reciprocal co-
immunoprecipitation assay, HEK293T cells were ftiamty transfected with an
expression vector for full-length p53R2-GFP. Th# besates were immunoprecipitated
with anti-MEK2 Ab. As shown in Fig.11B, endogenous MEK2 was readily
immunoprecipitated with the GFP-specific Ab (lanekut not with a control Ab (lane 5).
Next, to determine the site of endogenous p53R2MIEK?2 localization in cells, we used
immunofluorescence staining. As shown in FigddC, MEK2 and p53R2 were co-

localized in the cytoplasms of U20s and HI299 cells
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Figure1l. Interaction of p53R2 with MEK 2 in intact cells

(A) U20s cells were serum starved for 16h, stimulatéld ar without 20% FBS for

30min, and lysed. Proteins were immunoprecipitdtedh the lysates wityh anti-
p53R2 Ab, and the immunoprecipitates were subjetded/estern blot analysis
with an Ab specific for MEK2 and p53R2. Lanel arahk 2 contains 10% input.

Normal mouse IgG was used as an immunoprecipitatiorol.*, Ig heavy chain.

(B) HEK293T cells were transfected with a control oBR2-GFP expression vector

as indicated. Cell lysates were subjected to immrewpitation with anti-MEK2
Ab, and the resulting precipitates were immunolaoiéth anti-GFP Ab. . Lanel
and Lane 2 contains 10% input. . Normal rabbit lg@&s used as an

immunoprecipitation control.*, Ig heavy chain.

(C) U20s and H1299 cells were stained with labled BiEK2(green) and anti-

p53R2(red)Abs. Colocalization of mek2 and p53R2efis is shown as yellow

in the merged images. Scale bargyrh0

(D) Lysates of HEK293T cells expressing GFP-p53R2(p58R2or p53R2 deletion

mutants AC1- AN3) were subjected to immunoprecipitation withi-AMEK2
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Ab, and the resulting precipitates were immunoldloiéth anti-GFP Ab. .*, Ig
heavy chain. And arrow show the p53R2 and its ielahutants. The ability of
p53R2 and its deletions to interact with MEK2 wshewn as “+"or “—".

We next mapped the p53R2 region required for iotera with MEK2 by immuno-
precipitation. HEK293T cells transfected with fldhgth GFP-p53R2(p53R2 wt) or
p53R2 deletion mutantsAC1- AN3) expression vector, and cell lysates were
immunoprecipitated with anti-MEK2 Ab. As shown iigF11D, endogenous MEK2 was
readily immunoprecipitated with the GFP-specific(Aib3R2-wtAC2 andAN1), but not
with AC1 andAN2-3. the region spanning p53R2 amino acid 160-&06squired for
MEK2 binding.

2. p53R2 M odulates Serum-Stimulated M EK1/2 Phosphorylation.

To determine whether the binding of p53R2 to MEK2a&s MEK phosphorylation
and activation, we examined serum-stimulated phoydtion of MEK2 in cells
expressing various levels of p53R2. When p53R2 siRMs transfected into U20s and
HI299 cells, the endogenous p53R2 protein level Wwascked down by about 90%, as
shown by Western blotting (Fig2A). We used these cells to analyze the effects of p53R2
knockdown on serum-stimulated MEK activation, whictormally occurs through
phosphorylation of MEK residues Ser-217 and Ser-Z2& cells were serum-starved for
16 h and then stimulated with 20% FBS for 10 tondf. Immunoblot analysis revealed
that serum-induced phosphorylation of MEKI/2 wagn#icantly increased in cells
transfected with p53R2-targeted siRNA, but nothase transfected with control siRNA
(Fig. 12A andB).

We also analyzed serum-induced MEK1/2 activationU2Os and HI299 cells
expressing p53R2. Cells transfected with a controlp53R2 expression vector were
incubated in 20% FBS medium for 24 h to activateKViEnd the level of MEK1/2
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phosphorylation was measured. As shown in ABC and 12D, the induction of
phosphoMEK1/2 by serum was significantly suppresgedU20s and HI299 cells
expressing p53R2, compared with vector-transfectdd.
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Figure 12 . Effect of p53R2 on serum-stimulated M EK 1/2 phosphorylation.

(A) MEK1/2 phosphorylation was examined in U20s and 3#912ells transiently
transfected with control or p53R2-targeted siRNARQd4 and H1299 cells were
starved of serum for 16h and then incubated wittvidnout 20% FBS for 10min
and 30min,respectively, the whole cell lysates wama@bed with anti-phospho-
MEK1/2, anti-MEK2, Anti-p53R2a-tubulin Ab.

(B) The amount of phopho-MEK1/2 was quantifiedy by densetry and corrected
for the amount of MEK2 in the corresponding lysaievels of phosphor-MEK1/2
are expressed relative to its level in non-serwgatad clls transfected with control
siRNA. The data shown are the meanstS.D. from theparate experimentd.]
p<0.01.

(C)U20s and H1299 cells were transfected with a contmo p53R2-V5-His
expression vector as indicated. Cells were cultwigd 20%FBS for 24h, and the
cell lysates wre immunoblotted with anti-p53R2 amdi-phospho-MEK1/2 Abs.
Expression of total MEK2 was also determined.

(D) The amount of phopho-MEK1/2 was quantifiedy by aensetry and corrected
for the amount of MEK2 in the corresponding lys&tevels of phosphor-MEK1/2
are expressed relative to its level in non-serweatad clls transfected with control
vector. The data shown are the meanszS.D. frone theparate experiments.]
p<0.01.

3. p53R2 modulate serum-stimulated phosphorylation of Erk1/2

Since MEK can phosphorylate serine, threonine,tarasine residues of its ERKI/2
substrate (Dhillon et al., 2007), we next analyttesl effect of p53R2 on ERK activity in
U20S and HI299 cells. The activity of ERK1/2 was nitored in cells by measuring
serum-stimulated changes in ERKI/2 phosphorylatid@aOs, H1299, and MIA PaCa-2
cells transfected with control or p53R2 siRNA westarved for 16 h and then stimulated

with 20% FBS. Lysates were immunoblotted with an gxecific for Thr-202/Tyr-204-
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phosphorylated ERK1/2. Time course analysis show#tht serum-induced
phosphorylation of ERKI/2 in U20s and MIA PaCa-2<ecached a maximum at 30 min
and 10 min, respectively, (Fig3A),whereas no significantly increasing phosphorylation
ofERK1/2 in HI299 cells occurred for 30 min. Howevelown-regulation of p53R2
significantly increased the stimulatory effect @riem on ERKI/2 phosphorylation, and
phosphorylation of ERKI/2 was increased at 10 mitb2Os and MIA PaCa-2 cells, and at
30 min in HI299 cells. In contrast to our resuleparding the ERK pathway, down-
regulation of p53R2 did not affect induction of Adtosphorylation by serum, suggesting
that p53R2 specifically modulates the MEK/ERK sigmapathway. The effect of p53R2
on serum-stimulated ERK activity was confirmed iB3R2overexpressing or control
U20s, MIA PaCa-2, and HI299 cells. The relative ants of phospho-ERK1/2 in these
cells after incubation in 20% FBS medium for 24 érevdetermined by probing blots with
an ERK1/2 Ab. As shown in Figl3B and C, ERK1/2 phosphorylation in the cells
expressing p53R2 was 40 to 60% lower than in tlotovdransfected cells.

To confirm that p53R2-modulated activation of ME&@nhtributes to the activation of
ERK by serum stimulation, MEK2- and p53R2-targes#RNAs were cotransfected into
U20S, MIA PaCa-2, and HI299 cells, and the leves@fum-induced phosphorylation of
ERK1/2 was measured. Remarkably, serum was unablactivate ERK1/2 in those
p53R2-knockdown cells with reduced levels of endogs MEK2 (Fig.13D), indicating
that p53R2 suppresses the ability of MEK to acévaRK1/2.
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Figure 13. p53R2 modulates ser um-stimulated phosphorylation of ErK1/2

(A) U20s, MIA PaCa-2, and H1299 cells were transiettipsfected with control or
p53R2-targeted siRNA.24hours later, cells were raestarved for 16h and then
stimulated with 20% FBS for the indicated lengthtime. Whole cell lysates
were probed with an Ab specific for phosphor-ErkE#k1/2, phosphor-Akt, Akt,
p53R2, omi-tubulin.

(B) U20s, MIA PaCa-2, and H1299 cells were transiettinsfected with control
vector or p53R2-V5-His expression vector, Cellsaveultured with 20%FBS for
24h, and the cell lysates wre immunoblotted withsfslecific for phosphor-Erk1/2,
Erk1/2, phosphor-Akt, Akt, p53R2, ortubulin.

(C) The amount of phopho-Erk1/2 was quantified by densétry and corrected for
the amount of Erk1/2 in the corresponding lysatvdls of phosphor- Erk1/2 are
expressed relative to its level in non-serum-tretatells transfected with control
vector. The data shown are the meanstS.D. frone theparate experiments.]
p<0.01.

(D) U20s, MIA PaCa-2, and H1299 cells were transiettipsfected with control or
p53R2-targeted or MEK2-targeted siRNA. 24hoursr]atells were serum-starved
for 16h and then stimulated with 20% FBS for 10-8QriVhole cell lysates were
probed with an Ab specific for phosphor-Erk1/2, He&k MEK2, phosphor-Akt,
Akt, p53R2, om-tubulin.

4. Effect of p53R2 on the colony formation in H1299 cells

Cell transformation potential is often resulted nfroconstitutive activation of
components of signal pathway, Oncogenes such assrasraf, and mos have been
proposed to transform cells by prolonging the atdd state of MAPKK and of
components downstream in the signaling pathway(danset al., 1994). p53R2
modulated MEK/ERK signaling pathway, so might bepdarmant for cancer cell

transformation. Soft agar assay is a classical itro vexpreriment to determine its
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transformation potential.

To determine whether p53R2 effect cell transforomgtive used H1299 cells stably
transfected with a p53R2 expression plasmid, p5@iRieted shRNA, or a control
plasmid, control shRNA. We confirmed that the legEb53R2 transcripts was markedly
reduced in p53R2 shRNA-transfected cells(F44) and was markedly increased in
p53R2-overexpression cells(FigB), compared with the level in mock and control vect
transfected cells, respectively(FigA and14B).

To investigate the potential inhibitory effectsp&3R2 on H1299 cell transformation,
we performed an soft agar assay using 604resae culture dishes containing 0.3% top low-
melt agarose and 0.6% bottom low melt agarose. Aft®¥veeks of incubation, colonies of
>1mm size were counte@53R2-silenced cells were much more colony formatesh
control siRNA-transfected cells(FigiB). In addition, overexpression of p53R2
significantly decreased colony formation (Fig.14Ahus based on the result from colony

formation we concluded that p53R2 suppressed cdlumyation.
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Figure 14 . Effect of p53R2 on the colony formation in H1299 cells
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(A) The H1299 cells were stably transfected with cdreropty vector or p53R2-V5-
His expression vector, cells were plated1®* in duplicates in 60-mm tissue
culture dishes containing 0.3% top low-melt agarasd 0.6% bottom low melt
agarose. After 2 Weeks of incubation, clonies ofmml size were counted.
Cellular migration was observed with light micrope<40).

(B) Stable transfectant of H1299 cells expressing cbrsinRNA(Mock) or p53R2-
SshRNA were were plated>2104 in duplicates in 60-mm tissue culture dishes
containing 0.3% top low-melt agarose and 0.6% Ipotimv melt agarose. After 2
Weeks of incubation, clonies of >1mm size were ¢tednCellular migration was
observed with light microscope@0).

(C) Histograms indicate the average number of colonyH1299 cells were stably
transfected with a control or p53R2 expressionareot with control or p53R2-
shRNA, Each value shown is the mean+S.D. from teeg@rate experimentd]
p<0.01.

5. p53R2 decreases th invasive potential of H1299 cells by blocking MEK?2
activity.

The MEK/ERK pathway is critical for cell migratiaand invasion in various types o
cancer cells(Reddy et al., 2003). Thus p53R2 mediauppression of the MEK/ERK
signaling pathway might be important for p53R2-na¢elil inhibition of tumor invasion.

To determine whether p53R2 supprssses cancerroghbion by inbibiting MEK
activation, we used H1299 cells stably transfegtgd a p53R2 expression plasmid. With
p53R2 shRNA, or a control plasmid , control shRNKe confirmed that the level of
p53R2 transcripts was markedly reduced in p53RNghRansfected cells(Fig5A) and
was markedly increased in p53R2-overexpression(€éd15B), compared with the level
in mock and control vector-transfected cells, retipely(Fig.15A and15B).

To investigate the potential inhibitory effectsp83R2 on H1299 cell invasion, we

performed an in vitro invasive assay using 24-welts with polycarbonate filter coated
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on the upper side with Martrigel. Quantitation o¥asive cells were found on the lower
surfaces of the inserts after 48h showed that p&3RAced cells were much more
invasive than control siRNA-transfected cells. lddidion, overexpression of p53R2
significantly decreased cell invasiveness(E(q.).

If p53R2 binding of MEK2 is required for inhibitioof invasion, the knockdown of
MEK2 should decrease the invasive potential of b8Bpleted cells. Thus, p53R2
knockdown H1299 cells transfected with either cointor MEK-targeted siRNA and
assessed for their invasive ability. Down-regulatad MEK2 significantly decreased the
invasive potential of p53R2-knockdown H1299 cellss compared with control
cells(Fig15D). The number of cells that crossed the Matrigefibato the lower surface
of the insert was approximately 2.6-fold lower lie tMEK siRNA-transfected cells than in
the control siRNA-transfected cells. Thus, basedtlom effect of MEK2 siRNA. We
conclude the p53R2 blocks invasion by suppressiftge tMEK signaling

pathway.
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Figure 15. p53R2 suppression of invasion is dependent on MEK 2 sighaling

(A) Stable transfectant of H1299 cells expressing corsinRNA(Mock) or p53R2-
shRNA were transiently transfected with control MIEK2-targeted siRNA.
24hours later, whole cell lysates were probed withi-p53R2, anti-MEK2, or
anti-a-tubulin Ab.

(B) The H1299 cells were stably transfected with cdreropty vector or p53R2-V5-
His expression vector, whole cell lysate were pdobdth anti-p53R2 or anti-
tubulin Ab .

(C) H1299 cells were stably transfected with a contrgh53R2 expression vector or
with control or p53R2-shRNA, placed in the uppertpd a trans-well unit, and
incubated for 48h. Cells that penetrated to theéobhotsurface of the membrane
were fixed,stained, and counted under a microsdeigeires are representive for
cell invasion in each group, and histograms ingictite average number of
invading cells. Each value shown represents thentt®&®. from three separate
experiments(I] p<0.01.

(D) Stable transfectants of H1299 cells expressing p53&geted-siRNA were
transiently transfected with control or MEK2-targ@tsiRNA. And cells were
allowed to pass through Matrigel-coated filtersstdfjrams indicate the average
number of invading cells. Each value shown is tleamtS.D. from three separate

experiments(I] p<0.01.
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V. DISCUSSION

The p53R2 has been shown to participate in thelaggn of multiple cellular
functions, including DNA repair(Kimura et al., 2Q0Banaka et al., 2000)reactive oxygen
species(ROS) regulation(Xue et al., 2006), cellleycheckpoint(Xue et al., 2007;
Yamaguchi et al., 2001), cell survival(Lin et &004; Tsai et al., 2006), and cancer cell
migration and invasion.

In this study, using Y2H screening system to idgntiie proteins interacted with
p53R2, study multiple cellular function of p53RZ=rom all proteins binding with p53R2,
we select three proteins, related with proteinibtatand tumor metastasis SkplA, Jabl,
MEK2. We have provided direct biological evidenbattp53R2 binding with Skp1A, Jabl
and thereby not only induces its ubiquitin-dependanmoteolysis but also regulate p53
degradation by ubiquitination. Furthermore we idfead p53R2 binding with MEK2, a
component of ERK-MAPKinase signal, suppress ERK/ME#ivity to inhibit tumor

metastasis.

A. p53R2 regulates p53 stability via ubiquitination pathway

p53R2 is induced by DNA damage agents (Arner anks&wn, 1995; Bradshaw and
Deininger, 1984), such ag -irradiation, UV light, and adriamycin, in a p53pdmdent
manner(Nakano et al., 2000). It is really interdstew p53R2 degraded, when its function
were finished.

We investigated the degradation of p53R2 and p5& Neve provided direct
biological evidence that p53R2 interacts with Skplab1l, SkplA is components of SCF
complex, E3 ubquitin-proein ligase. While as Jaddilitate p53 nuclear exclusion and its
subsequent degradation in coordinatation with Hdh2(et al., 2006). We also
demonstrated that p53R2 is short-life protein whadgraded ~30min after blocking
protein synthesis with CHX. Degradation of p53R2ckked by MG132, proteosome
inhibitor, which hypothesize that p53R2 degradedU®P. Andin vitro andin vivo
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ubiquitination assay confirmed that p53R2 degradyd ubquination pathway, and
ubiquination of p53R2, is necessary of Skp1A andl,dawo components of SCF complex.

p53 is often referred to as the ‘cellular gateke€epethe ‘guardian of the genome’
and its importance is emphasized by the discovemutations of p53 in over 50% of all
human tumors. Details of the events that occur #fie reaction, including the recognition
of a growing polyubiquitin chain and subsequentrddgtion by the 26S proteasome, have
remained somewhat elusive (Bulavin et al., 199®cdrt studies have indicated that the
level of ubiquination by Hdm2 are closely related the nuclear or cytoplasmic
localization of p53(Li et al.,, 2003). Jabl faciléga p53 nuclear exclusion and its
subsequent degradation in coordination with Hdm2¢0Oal., 2006). We found that p53R2
controls the stability of p53; knocking down p53B&creases p53 protein level , whereas
overexpression of p53R2 increases p53 protein ievelany mammalian cells in transient
and stale trasfectant celllines. In addition knagkilown p53R2 decreases the half-life of
wild-type p53 in several of the human cell linesorR all above we can identified that
p53R2 regulate p53 stability. Degradation of p53diated by p53R2 via ubiquitin
pathway byin vitro andin vivo ubquination assay. Interaction p53R2 with Jabiedlthat
the mechanism of p53R2 regulate p53 by ubquitinapathway. p53R2 regulate p53
stability is interaction p53R2 with Jabl, subsediyenegulate p53 nucleus export to
cytoplasmic degradation.

Under normal conditions, however, p53 is genetadlymaintained at low steady-state
levels, mainly through ubiquitination followed byrgteasome-dependent proteolysis,
which result in rapid turnover of p53 (O'Brate dBidnnakakou, 2003; Yang et al., 2004).
If levels of p53 are not carefully controlled, eelinder normal conditions would go
through cell cycle arrest and apoptosis (VousdehlLan 2002). One of the major interests
in studying p53 is to determine how its endogenlewsls are controlled under normal
conditions. Although p53R2 is rapidly induced by vede range of genotoxic
stresses(Nakano et al., 2000), no significant diffee between two proteins interaction

with p53R2 with or without UV damage, hence p53Rgrddation and p53R2 regulation
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p53 stability may be no concern with genotoxicsgre
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Figure 16. A schematic diagram of Jabl-dependent p53 nuclear transport and
degradation in coordination with p53R2.

In conclusion, we have identified a p53 inducibtetpin; p53R2 is regulator of p53
stability. p53R2 interact with p53 to block ubigaiion , mediated by Jabl. Our
experiment argues for a model in which, in normahdition p53R2 expression is
increasing its interaction with Jabl and protecpb8 degradation through exclusion from
nucleus to cytoplasm, and subsequent degradatierprdpose that this novel mechanism
provide the cell with means of maintaining p53 lewe normal condition for cell

homeostasis.
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B. p53R2 suppresses MEK/ERK activity and tumor cell invasion
by binding to ERK Kinase2

The MAPKs comprise a family of protein that mediatries of distinct signaling
cascades that are targeted by a multitidue of esitrdar stimuli(Dhillon et al., 2007).
Activated MAPKs translocate to the nucleus whereyttphosphorylate their target
molecules, including various transcription factoks. activated MAPK pathway has been
detected in many human tumors, suggesting that MA®Knvolved in many human
tumors, suggesting that MAPK is involved in tumoogression and metastasis(Dhillon et
al., 2007). Among the major groups of MAPKs(JNK8pand ERK1/2), ERK signaling
plays the major role in regulating the invasive ametastatic potential of various cancer
cells(McCubrey et al., 2007). ERK1/2 fosters insezh transcription of gene encoding
matrix metalloproteinase(MMPs) and urokinase plasmén activator and its receptor. It
can also promote invasiveness by reducing the drgmi®n of tight junction proteins and
of metastasis suppressor genes(Reddy et al., 200&8)dition, the extranuclease activaties
of ERK1/2, including activation of cell mobility rohinaery and disruption of focal
adhesions, may contribute to increased invasiveness

By Y2H, we found that p53R2 is associated with MEKRd serves as a negative
regulator of the MEK/ERK signaling pathway. MEK2,camponent of Ras-RAF-Erk
pathway, which known as involved in tumor invasamd metastasis(Reddy et al., 2003).
The interaction of two protein confirmed by immunegipitation and colocolazation
assays, p53R2 and MEK2 interaction was endogenaous$20s cells and in p53R2
overexpressioned HEK239T cells. And both endogempootein located in cytoplasm, and
colocalized. These studies suggested the interactd two protein should be
physiologyical and important.

Since mutational activation of Ras protein promotesnor proliferation and

metastasis , the inhibition of Ras signaling inahgdRaf and MEK is likely to be an
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effective strategy for anti-tumorigenesis and antibr metastasis(Campbell and Der, 2004;
Dudley et al., 1995; Shields et al., 2000).

The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt pathwayteract with each other
to regulate growth and in some cases tumorigenEsisexample, in some cells, PTEN
mutation may contribute to suppression of the REKYVERK cascade due to the ability of
activated Akt to phosphorylate and inactivate dédfeé Rafs. Although both of these
pathways are commonly thought to have anti-apaptotd drug resistance effects on cells,
they display different cell lineage specific effgdélicCubrey et al., 2007). In our result,
there was no significant change of Akt activity ®3R2 silencing cells. Our data
suggested that p53R2 specially inhibit the Raf/MBERK signaling pathways, but not
Ras/PI3K/PTEN/Akt pathways.

Reactive oxygen species (ROS) are well known taigedthe activation of the
Raf/MEK/ERK signaling pathways. Oxidative stresdtined ERK1/2 activation is
reported in a variety of cell types(Conde de ladRetal., 2006; Schoemaker et al., 2004;
Schoemaker et al., 2003). Recent study revealddr¢lsambinant hRRM2 protein had a
prooxidant potential to oxidize carboxy-H2DCF whesegp53R2 had a peroxide removal
capacity. In a gene transfection study, an incréageb3R2 enhanced the hydroxyl free
radical removal capacity and protected cells fror2O@ attacks (Xue et al., 2006).
Although these studies showed that metastasis ssgpg property of p53R2 may be
concerned with ROS removal capacity of p53R2. Setudies also showed that MEK1
and 2 inhibitors U0126 and PD98059 both block ot@a stress-induced ERK1/2
activation, indicating that activating actions ofidative stress do not occur directly on
ERK1/2 but instead are localized at upstream tafgee et al., 2006b; Lee et al., 2005).

Expression of the p53R2 was induced y and UV-irradiation, and also by
adriamycin treatment in a wild-type p53-dependeabner, while a previously known R2,
that plays an important role in DNA synthesis dgrizell division, was not(Nakamura,
2004). And there were several genes that can fumalty link the p53 to MAPKinase

pathway. Using a p53-inducible system, found thdtcible expression of p53 in human
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bladder cancer cells leads to activation of MEK #&sddownstream kinase Erk, but not
p38(Lee et al., 2000). Activation of Erk by p53 wegs transcriptionally active p53
because mutants that lack transcriptional actifatyto do so this suggests that p53 can
transcriptionally activate Erk/MAPK signaling(WuQ@4). And hRRM2 expression levels
and p53 dysfunction might affect the metastasigpmgsing ability of p53R2 in colon
cancer(Liu et al., 2006). All these studies sugggedhat p53 may be concerned with
malignancy-suppressing ability of p53R2. howevieg, tesult showed that there were no
significant difference between p53 wild type an@ pautant, p53-null tumor cells.
Altogether, we conclude that interference with MERK signaling accounts for the
effect of p53R2 on tumor cell invasion, and thas thffect is probably mediated by
blockage of the MEK/ERK activity and the resultilgnscriptional activity. Because of
the privotal role of MEK/ERK1/2 signal and invasiam many cancers, our findings
suggest that the forced expression of p53R2 magr @ff means to change tumor cell

behavior. Furthermore, p53R2 is a new therapeatget.

Phospho-ErK1/2 - ELK1 — cell proliferation
metastasis

Invasion

Figure 17. A schematic diagram of p53R2 suppresses MEK/ERK activity and tumor
cell invasion by binding to ERK Kinase2
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