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Differential regulation of p53 and p21 by MKRN1
E3 ligase controls cell cycle arrest and apoptosis
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Makorin Ring Finger Protein 1 (MKRN1) is a transcrip-
tional co-regulator and an E3 ligase. Here, we show that
MKRNT1 simultaneously functions as a differentially nega-
tive regulator of p53 and p21. In normal conditions,
MKRN1 could destabilize both p53 and p21 through ubi-
quitination and proteasome-dependent degradation. As a
result, depletion of MKRN1 induced growth arrest through
activation of p53 and p2l. Interestingly, MKRN1 used
earlier unknown sites, K291 and K292, for p53 ubiquitina-
tion and subsequent degradation. Under severe stress
conditions, however, MKRN1 primarily induced the effi-
cient degradation of p21. This regulatory process contrib-
uted to the acceleration of DNA damage-induced apoptosis
by eliminating p21. MKRN1 depletion diminished adria-
mycin or ultraviolet-induced cell death, whereas ectopic
expression of MKRN1 facilitated apoptosis. Furthermore,
MKRN1 stable cell lines that constantly produced low
levels of p53 and p21 exhibited stabilization of p53, but
not p21, with increased cell death on DNA damage. Our
results indicate that MKRN1 exhibits dual functions of
keeping cells alive by suppressing p53 under normal
conditions and stimulating cell death by repressing p21
under stress conditions.
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Introduction

p53 has important functions for tumour suppression, which
is accomplished by the induction of cell cycle arrest, DNA
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repair, and apoptosis in response to various cellular stresses,
including DNA damage, oncogenic stress, telomere dysfunc-
tion, and hypoxia (Vogelstein et al, 2000; Bode and Dong,
2004; Lavin and Gueven, 2006; Vousden and Lane, 2007). On
account of these cytotoxic effects, strict controls of its steady-
state levels and activities exist in normal cells. One of the
representative examples of cell protection from p53-mediated
cytotoxicity is the ubiquitin-proteasome system, which
removes p53 from the cell. Hdm2, the first identified E3
ubiquitin ligase for p53, is a major protein that facilitates
ubiquitin-dependent degradation of p53 (Haupt et al, 1997;
Honda et al, 1997; Kubbutat et al, 1997). Nevertheless, p53 is
degraded in Mdm2-null tissues, although it not as efficient as
in wild-type tissues (Ringshausen et al, 2006). Furthermore,
other E3 ligases, such as pirh2, COP1, and ARF-BP1, stimu-
late p53 ubiquitination and degradation (Leng et al, 2003;
Dornan et al, 2004; Chen et al, 2005). In addition, a variety of
p53 cofactors, including ARF, MdmX, PML, ATM, and ribo-
somal proteins, are involved in the regulatory pathways
affecting stabilization of p53 (Lavin and Gueven, 2006).

Although transcriptional activation of p53 is restricted by
several E3 ligases and cofactors under normal conditions, p53
can escape from the numerous negative regulatory pathways
under stress conditions (Brooks and Gu, 2006; Dornan et al,
2006). Post-translational modification of p53 accompanying
phosphorylation and acetylation enables p53 to resist the
attack of E3 ligases, resulting in the induction of cellular
responses (Brooks and Gu, 2006; Dornan et al, 2006; Tang
et al, 2008). The responses against p53-dependent stress
signals result in the production of hundreds of p53 target
genes, which introduce differentiated and graded responses
against different stress levels. Indeed, many cofactors and
specific modifiers of p53, such as HIPK2, p63, p73, IMY, and
ASPP, differentially regulate the responses mediated by p53
activation (Oren, 2003; Rodier et al, 2007).

Among p53 target genes, p21 (also called WAF1 or CIP1) is
considered to be one of the key factors differentiating cell
cycle arrest and apoptosis. p21 was first recognized as a
member of the cyclin-dependent kinase inhibitors (CKIs)
(Gartel and Radhakrishnan, 2005). p21 overexpression in-
duces G1, G2, or S phase arrest, whereas p21-deficient cells
display a defect in DNA damage-induced G1 and G2 arrest
(Gartel and Radhakrishnan, 2005). Furthermore, sustained
activation of p21 can lead to permanent cellular senescence
(Chang et al, 2000; Roninson, 2002). However, inactivation or
depletion of p21 sensitizes cells to apoptosis under conditions
of low DNA damage, which induces cell cycle arrest in p21-
positive cells (Waldman et al, 1996; Zhang et al, 1999;
Mahyar-Roemer and Roemer, 2001; Han et al, 2002;
Javelaud and Besancon, 2002; Martinez et al, 2002).
Similarly, p21 deficiency decreases tumourigenesis and
increases sensitivity to apoptosis in MMTV-Ras mice and
ATM-deficient mice (Wang et al, 1997; Bearss et al, 2002).
In contrast, ectopically expressed p21 delays apoptosis
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induced by several kinds of DNA damage in various cell lines
and in a xenograft mouse model (Gorospe et al, 1996, 1997).
Clinical data also support the observation that tumours over-
expressing p21 are more resistant to chemotherapeutic treat-
ment (Aaltomaa et al, 1999; Baretton et al, 1999). Consistent
with these findings, p21 accumulation is evident in several
tumours (Erber et al, 1997; Fizazi et al, 2002). As p2l
functions as a mediator of cell cycle arrest and an inhibitor
of apoptosis, the levels and activities of p21 are thought be
regulated by different levels of DNA damage. The steady-state
levels of p21 decrease with lethal doses of adriamycin,
whereas they increase in the presence of sub-lethal doses
(Martinez et al, 2002). Recently, p21 transcription was shown
to be repressed under lethal DNA damage by several tran-
scriptional cofactors, such as Myc, Miz, Zbtb4, and Pdcd4
(Seoane et al, 2002; Bitomsky et al, 2008; Weber et al, 2008).
Furthermore, p21 is inactivated through caspase-3-mediated
cleavage or proteasome-dependent degradation to undergo
efficient apoptosis (Zhang et al, 1999; Bloom et al, 2003; Jin
et al, 2003; Nishitani et al, 2008).

Makorin Ring Finger Protein 1 (MKRN1) was first identi-
fied as an intron-containing source gene for the MKRN gene
family, the majority of which has been identified as being
intronless and imprinted (Gray et al, 2000). The MKRN
family contains several C3H, C3HC4, and unique Cys-His
motifs, all of which are highly conserved from invertebrate to
vertebrate species (Gray et al, 2000). Furthermore, MKRNT1 is
constitutively expressed in various human and mouse tissues
from fetus to adult (Gray et al, 2000). Recently, MKRN1 was
shown to act as an E3 ligase for hTERT, and the transcrip-
tional co-regulator of androgen receptor and retinoic acid
receptor (Kim et al, 2005; Omwancha et al, 2006). However,
the cellular and physiological function(s) of MKRNT1 is yet to
be defined.

Here, we report new roles of MKRN1 as an E3 ubiquitin
ligase for both p53 and p21. Ablation of MKRNT1 resulted in
cellular growth defect with the stabilization of p53 and p21.
Interestingly, MKRN1 was able to induce the ubiquitination
and degradation of both p53 and p21. Although the negative
regulatory effects on p53 by MKRN1 were disrupted under
DNA-damaging stresses, MKRN1 was still able to mediate
destabilization of p21. Accordingly, knockdown of MKRN1
attenuated adriamycin-induced apoptosis, which is due in
part to up-regulated levels of p21. Taken together, our data
indicate that MKRNI1 is a novel modulator of p53 and p21,
preferentially leading cells to p53-dependent apoptosis by
suppressing p21.

Results

Depletion of MKRN1 induces cell cycle arrest

by activating p53 and p21

The activities of MKRN1 as an E3 ligase for hTERT (Kim et al,
2005) prompted us to test the effects of MKRN1 on the
proliferation of tumour cells. The H1299 and U20S tumour
cells lines, which possess and lack telomerase activity,
respectively, were used for this purpose. First, we tested
four kinds of MKRN1 small interfering RNA (siRNA) pur-
chased from Qiagen-Xeragon. Among the four sequences
tested, siMKRN1#5 and siMKRN1#6 were able to effectively
deplete endogenous MKRN1 up to 66% (Figure 1A). When
these MKRN1 siRNAs were transfected into H1299 or U20S
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cells, we unexpectedly observed that MKRN1-depleted cells
had a severe defect in U20S cell proliferation, although not
displaying any noticeable effects with H1299 cells (Figure 1B;
Supplementary Figure S1A). The growth defect shown in
U20S cells seemed not to be due to cell death, as MKRN1
depletion had little effect on U20S cell death as determined
by trypan blue staining (Supplementary Figure S1B). To
establish whether ablation of MKRN1 resulted in cell cycle
arrest, we analysed cell cycle profile of U20S and H1299 cells
treated with MKRN1 siRNA (siMKRN1#5) or control siRNA.
As siMKRN1#5 was marginally more efficient in suppressing
cell growth, we used this siRNA in subsequent experiments.
Ablation of MKRNT1 in U20S cells resulted in increased cell
fractions in G1 phase from 53 to 70%, and in decreased cell
fractions in S and G2/M cells (Figure 1C, upper panel).
However, MKRN1 knockdown had little effect on cell cycle
distribution in H1299 cells (Figure 1C, lower panel).

As MKRNI1 seemed to induce cell cycle arrest in cells
having wild-type p53, we sought to determine whether
there were any changes in the level of p53. We also deter-
mined the level of p21 and Bax1, p53-dependent mediators of
cell cycle arrest and apoptosis, respectively. Indeed, depletion
of MKRNI1 induced up-regulation of p53 protein levels, but
not mRNA, in U20S cells (Figure 1D, lanes 1 and 2). MKRN1
depletion also induced strong up-regulation of p21 and Bax
proteins with increased levels of p21 mRNA in U20S cells
(Figure 1D). Interestingly, p2l protein levels in p53-null
H1299 cells were also increased by MKRN1 knockdown
(Figure 1D, lanes 3 and 4). Although these increases were
not enough to induce cell cycle arrest, they suggest the
possibility that p2l might be regulated by MKRNI1
(Figure 1D). The mechanism by which MKRN1 directly
regulates p2l protein will be discussed later. As growth
retardation of U20S cells by MKRN1 depletion seemed to
be associated with p21 stabilization, we tested the effect of
p21 depletion on MKRN1 knockdown. The data indicated that
ablation of p21 could partially prevent cell growth retardation
induced by MKRN1 knockdown (Figure 1E). These results
suggest that the accumulation of p21 on depletion of MKRN1
was involved in inducing growth retardation. As the lack of
p21 could not completely rescue cells from growth retarda-
tion by MKRN1 depletion in U20S cells, we could not exclude
the possibility of other factors being involved in this process
as well.

Although the cell growth retardation of U20S and H1299
cells seems to indicate a plausible connection between
MKRN1, p53, and p21, we could not exclude the possibility
of genome variation between two cell lines producing the
results shown above. To convincingly show the effects of
MKRNT1 on the levels of p53 and p21 for cell growth, we used
the isogenic cell lines, HCT116, HCT116 p53—/—, and
HCT116 p21—/—. On depletion of MKRN1, the growth rate
of HCT116 cells was retarded >60% with concomitant
increases in the levels of p53 and its targets, p2land Bax
(Supplementary Figure S2A, upper panel, and S2C, lanes 1
and 2). The cell cycle analyses using fluorescence-activated
cell sorting (FACS) indicated that MKRN1 depletion also
induced G1 cell cycle arrest of HCT116 cells from 63 to
75% (Supplementary Figure S2B). Cell death under the
conditions of MKRN1 depletion was not significant for
HCT116 cell line, the results of which were similar to U20S
cells (Supplementary Figure S2A, lower pannel). Contrary to
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Figure 1 Ablation of MKRN1 induces cell growth arrest by up-regulating p53 and p21. (A) U20S cells were transfected with 50 nM of control or
MKRNI siRNAs (siMKRN1#5, siMKRN1#6) for 48 h. Total cell lysates were immunoblotted using a-MKRN1 or a-actin antibodies. (B) U20S and
H1299 cells were transfected with the indicated siRNAs. Total cell number was counted at the indicated times using a hemacytometer. Three
independent experiments were carried out, and the standard deviation (s.d.) is indicated by error bars. (C) Cell cycle analysis of MKRN1-
knockdown cells. U20S and H1299 cells were transfected with control siRNA (siControl) or MKRN1 siRNA (siMKRN1#5). At 72h after
transfection, cells were stained by propidium iodide and analysed by FACS. (D) Western blot and RT-PCR analysis of p53 and p21 in MKRN1-
knockdown cells. U20S and H1299 cells were transfected with the indicated siRNAs for 48 h. Cell lysates were immunoblotted with antibodies
against MKRN1, p53, p21, Bax, and actin. For RT-PCR analysis, total RNAs in transfected cells were purified using Trizol reagent, reverse
transcribed, and amplified using specific primers. (E) Proliferation of p21- and MKRN1-knockdown cells. U20S cells were transfected with the
indicated siRNAs (40 nM for MKRN1, 20nM for p21). Total cells were counted and viable cells were stained with crystal violet. The protein
levels of p53, p21, and MKRN1 were analysed by western blot analysis.

HCT116 cells, MKRN1 knockdown in HCT116 p53—/—
or HCT116 p21—/— cells had little effect on cell growth
retardation and cell cycle arrest (Supplementary Figure
S2A-C). Particularly, the results for HCT116 p21—/— cells
showing that MKRNT1 depletion-mediated stabilized p53 did
not induce cell cycle arrest or growth retardation indicate that
p21 might be directly involved in MKRN1 depletion-induced
growth retardation.

Collectively, these data suggest that MKRNT1 depletion can
induce accumulation of p53 and its target, p21, resulting in
the growth arrest of tumour cell lines. Moreover, the results
suggest that MKRN1 might be involved in regulatory path-
ways affecting both p53 and p21 levels.

MKRNT1 induces the ubiquitination and proteasomal
degradation of p53

The observations that MKRNI1 could affect the growth rate of
cells by affecting p53 levels led us to test whether p53 and
MKRNT1 could interact with each other. Immunoprecipitation
analyses showed that exogenous MKRNI1 could bind to
transiently overexpressed p53 (Supplementary Figure S3A
and B). We then tested whether endogenous MKRN1 could
form a complex with endogenous p53. Reciprocal immuno-
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precipitation analyses indicated that the endogenous complex
between MKRN1 and p53 was detectable in U20S cells
(Supplementary Figure S3C and D). To identify the domain
of p53 responsible for MKRN1 interaction, we first used
several serial deletion mutants of p53, all of which interacted
with MKRN1 (Supplementary Figure S4A). These data indi-
cate that MKRN1 might have multiple-binding sites on p53.
Using different fragments of p53, we concluded that there are
two domains, 43-200 and 201-300, which are responsible for
its interaction with MKRN1 (Supplementary Figure S4B).
Next, we investigated the domain of MKRNI1 responsible
for binding to p53. Although AC1 mutant of MKRNI1
(1-280) was unable to bind to p53, AC2 (1-369) and AN
(264-482) deletion mutants could bind (Supplementary
Figure S4C). As the AN mutant bound to p53 with a higher
affinity than AC2, the region between residues 369 and 482
might be a major binding site for p53 (Supplementary Figure
S4C). Finally, a direct interaction between MKRN1 and p53
was further confirmed using recombinant proteins. When
GST-MKRN1 was incubated with His-tagged p53-core domain
(94-292), we were able to identify the interaction between
the two proteins through GST pull down analyses
(Supplementary Figure S3E).
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As depletion of MKRN1 stabilizes p53 and both proteins
interact directly, we monitored the steady-state levels of p53
with increasing levels of exogenous MKRN1 in H1299 cells.
As expected, the levels of HA-p53 decreased in the presence
of exogenous MKRN1 (Figure 2A). Kinetic analyses of p53
degradation by MKRNI1 in the presence of the protein synth-
esis inhibitor cycloheximide (CHX) indicated that although
ectopically expressed p53 was relatively stable for 3 h, stabi-
lity of p53 was drastically decreased up to 60% by exogenous
MKRNT1 after the same time (Figure 2B). MKRN1 was also
destabilized by the CHX treatment, supporting the earlier
study that MKRNI1 is degraded by self-ubiquitination (Kim
et al, 2005). As MKRN1 is an E3 ligase, we tested whether p53
degradation is dependent on polyubiquitination and the 26S
proteasome. The results indicated that the proteasome inhi-
bitor MG132 could reverse the MKRN1-mediated degradation

process of p53 suggesting the necessity of 26S proteasome-
dependent degradation (Figure 2C). Accordingly, ubiquitina-
tion analyses showed that MKRN1 was able to induce poly-
ubiquitination of p53 when proteins were exogeneously
introduced into cells (Figure 2D). To further analyse the
ubiquitination process in a more relevant physiological con-
text, the ubiquitination of endogenous p53 was analysed with
endogenous MKRN1 depleted by MKRN1 siRNA. Endogenous
levels of ubiquitinated p53 were reduced suggesting the
necessity of endogenous MKRNI1 in the ubiquitination pro-
cess of p53 under normal conditions (Figure 2E).

The MKRN1 histidine-to-aspartate point mutation invol-
ving histidine residue 307 within the ring finger domain
(H307E) deprives MKRN1 of its E3 ligase activities (Kim
et al, 2005). Although the MKRN1 H307E mutant was able
to bind to p53, its ability to induce p53 degradation and
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Figure 2 MKRN1 induces proteasome-dependent degradation and ubiquitination of p53 through its ring finger domain. (A) Degradation of p53
by MKRN1. H1299 cells, cultured in six-well plates, were transfected with the plasmid expressing HA-p53 (0.2 pug) and increasing amounts of
MKRNI1 (0.4, 0.8, 1.0, and 1.2 pg). Steady-state levels of p53 and MKRN1 were determined by western blotting. pEGFP-C2 expressing enhanced
green fluorescent protein (EGFP) was cotransfected as a transfection control. (B) Destabilization of p53 by MKRN1. H1299 cells were treated
with 100 pg/ml CHX for the indicated time after transfection with plasmids expressing HA-p53 (0.2 pg) and MKRN1 (1.2 pg), and analysed by
western blotting. Relative amounts of p53 were calculated after normalizing to actin and are shown in the right panel. (C) Proteasomal-
dependent degradation of p53 by MKRN1. H1299 cells, transfected with the indicated plasmids, were treated with 20 pM MG132 for 3 h,
followed by western blot analysis. (D) MKRN1-mediated ubiquitination of pS3. H1299 cells were transfected with plasmids expressing p53
(2pug), EGFP (1 u%), His-Ub (4 pg), and MKRN1 (10 pug), and treated with MG132 for 3 h before harvest. After purification of ubiquitinated
proteins using Ni**-NTA beads, total extracts (Input) and His-purified proteins were detected by western blot analysis using o-p53 (DO-1)
antibody. The asterisk (*) indicates non-specific bands. (E) Endogenous ubiquitination of p53. U20S cells were transfected with control or
MKRNI1 siRNA and treated with MG132 for 3 h before harvest. Whole cell lysates were immunoprecipitated with o-p53 rabbit (FL393)
antibodies and immunoblotted with «-Ub mouse antibodies (lanes 2 and 3). Normal rabbit IgG was used for negative control (lane 1).
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destabilization was blocked (Figure 3A-C). The inability of
MKRN1 H307E to induce ubiquitination was further con-
firmed (Figure 3D, upper panel, lane 3). In the lower panel
of the same figure, the self-ubiquitinated form of MKRN1 was
completely abolished compared with lane 2, indicating the
defective E3 ligase activity of MKRN1 H307E. We then tested
whether MKRN1 was indeed able to degrade endogenous
p53. As expected, U20S cells transiently transfected with HA-
tagged MKRN1 showed decreased protein levels of p53 and
p21 (Figure 3E), whereas HA-MKRN1 H307E could not affect
p53 levels. In summary, MKRNT1 leads to the polyubiquitina-
tion and proteasome-dependent degradation of p53 through
direct interaction with the core domain of p53. The impor-
tance of the E3 ligase activities of MKRN1 in mediating
degradation of p53 was clearly indicated by the observations
that MKRN1 H307E was unable to direct either polyubiquiti-
nation or degradation of p53. These data indicate that

MKRN1 induces p53 and p21 ubiquitination
E-W Lee et al

MKRNT1 targets novel p53 lysine sites, K291, and K292
for mediation of ubiquitination

As MKRN1 was able to bind to two regions on the p53-core
domain, 43-200 and 201-300, we tested whether the protein
levels of p5S3 deletion mutants containing either of these
MKRN1-binding regions could be destabilized by MKRNI1.
Indeed, we observed that 1-300, 101-393, and 201-393 were
degraded by MKRN1, whereas the 1-200 domain was not
affected (Figure 4A). When Hdm2 was tested for its ability to
degrade these mutants as a control, we observed that it
hardly affected their stabilities (Supplementary Figure S5A).
The common motif among p53 mutants that are degraded by
MKRN1 ranges from residues 200 to 300 (Figure 4B).
Interestingly, there are two sequentially located lysine resi-
dues, K291 and K292 (Figure 4B), which are mutated in
several different human cancers (Zhang et al, 1993; Zou
et al, 1993; Miwa et al, 1995; Gao et al, 1997; Tseng et al,

MKRNT1 is a novel E3 ligase of p53. 1999; Wallerand et al, 2005; Hiraga et al, 2006)
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Figure 3 The E3 ligase defective mutant form of MKRN1 is not able to mediate p53 ubiquitination. (A) Interaction between MKRN1 H307E and
p53. The plasmids expressing Flag-p53 and HA-MKRN1 H307E mutant were transfected into 293T cells. Cell lysates were immunoprecipitated
with o-Flag antibody, and were immunoblotted using the indicated antibodies. (B) Effects of the MKRN1 H307E mutant on p53 degradation.
H1299 cells were transfected with plasmids expressing the indicated proteins. Western blotting was performed using o«-HA and o-Flag antibody
(C) Stability of p53 by MKRN1 H307E mutant. H1299 cells, transfected with the indicated plasmid, were analysed after treating with CHX as
described in the legend of Figure 2B. (D) Ubiquitination of p53 by the MKRN1 H307E mutant. Ubiquitination assay using H1299 cells
transfected with the indicated plasmid were performed as described in the legend of Figure 2D. The asterisk (*) indicates non-specific bands.
(E) Degradation of endogenous p53 by MKRN1 wild type and H307E mutant. U20S cells were transfected with pcDNA3-HA-MKRN1 wild type
or H307E. At 24 h after transfection, cells were harvested, lysed, and immunoblotted with the indicated antibodies.
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Figure 4 K291 and K292 of p53 are required for MKRN1-mediated degradation and ubiquitination of p53. (A) Degradation of p53 deletion
mutants by MKRN1. Plasmids expressing Flag-p53 deletion mutants were cotransfected with the plasmid expressing HA-MKRN1 into H1299
cells. The levels of p53 mutants were detected by western blot analysis. The asterisk (*) indicates the Flag-p53 1-200 fragment. (B) Schematic
diagram of the motif responsible for the MKRN1-mediated p53 degradation and the putative p53 ubiquitination sites. The motif required for p53
degradation is shown by the square. (C) Alignment of pS3 orthologues containing conserved lysine residues. Black shading indicates conserved
lysine residues throughout species. (D) Degradation of p53 wild type, 2KR, and 6KR by MKRN1. H1299 cells were transfected with plasmids
expressing HA-p53 (wild type, 2KR, and 6KR) and/or MKRN1. Cell lysates were immunoblotted as in Figure 2A. Relative amounts of pS3 were
quantified by densitometry, normalized to GFP, and are shown in the graph. (E) Ubiquitination of p53 2KR, 6KR, and 8KR mutants.
Ubiquitination assays were performed as described in Figure 2D. (F) MKRN1-dependent p53 degradation in p53/Mdm2 DKO MEFs. p53 KO
MEFs or p53/Mdm2 DKO MEFs were transfected with the indicated plasmid. Cell lysates were immunoblotted using o-HA and o-Flag

antibodies.

(http://p53.free.fr). These two lysine residues are also highly
conserved from Caenorhabditis elegans to human beings
(Figure 4C). To confirm whether these sequences are essen-
tial for MKRN1-dependent ubiquitination, we constructed a
p53-2KR mutant mutated at sites 291 and 292 from lysine to
arginine residues (Figure 4B). The point mutant 6KR, that is
mutated at six conventionally known lysine sites for ubiqui-
tination (Rodriguez et al, 2000), was used as a control.
Moreover, we also constructed an 8KR mutant, which had
both 2KR and 6KR residues mutated (Figure 4B). The degra-
dation analyses showed that 2KR and 8KR were quite resis-
tant to the MKRN1-dependent degradation with only 14-18%
of both proteins reduced in the presence of MKRN1, whereas
6KR was degraded in a similar degree as p53 wild type with
up to a 60-70% reduction (Figure 4D). These observations
were further supported by ubiquitination assays showing that
2KR or 8KR were not polyubiquitinated by MKRN1, whereas
wild type and 6KR were polyubiquitinated (Figure 4E). These
results suggest that MKRN1 might be involved in the regula-
tory pathway of p53 independent of Hdm2, as Hdmz2 is
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known to preferentially interact with N-terminus of p53 and
ubiquitinate conventional six lysine residues (Rodriguez et al,
2000). To eliminate the involvement of Hdm2 in the MKRN1-
p53 pathway, we used a p53 degradation assay in p53/Mdm2
double knockout (DKO) MEFs. MKRN1 was still able to
induce p53 degradation in p53/Mdm2 DKO MEFs, as well
as in p53 KO MEFs (Figure 4F). We further tested whether
Hdm2 was involved in MKRN1-mediated p53 degradation by
using Nutlin-3, which specifically inhibits the interaction
between Hdm2 and p53 (Vassilev et al, 2004). Consistent
with an earlier study (Vassilev et al, 2004), Hdm2-induced
p53 degradation and ubiquitination was blocked by Nutlin-3
treatment, whereas MKRN1 was able to induce p53 degrada-
tion and ubiquitination (Supplementary Figure SS5B and C),
supporting the notion that MKRN1 can ubiquitinate and
degrade p53 independently of Hdm2. Overall, our data
show that MKRN1 mediates the degradation of pS3 fragments
containing the 201-300 motif. The two consecutively located
lysine residues, 291 and 292, within this motif are required
for MKRN1-mediated polyubiquitination and degradation of
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p53, whereas six lysine residues located on the C-terminal
end of p53 are not necessary for MKRN1-dependent degrada-
tion. These observations reveal novel ubiquitination sites on
p53 and suggest a possible existence of a whole new set of
regulatory pathways for p53 stabilization that can be distin-
guished from the well-established Hdm2-mediated p53
degradation pathways.

Depletion of MKRN1 under DNA-damaging conditions
stabilizes p21 and prevents cell death

Under DNA damage-related stress, p53, post-translationally
modified by several kinases and acetylases, becomes stabi-
lized and is prevented from interaction with Hdm2 (Bode and
Dong, 2004; Kruse and Gu, 2008). Thus, we tested whether
the interaction between MKRN1 and p53 could be affected
under stress conditions. When 5uM of adriamycin was ap-
plied to H1299 cells followed by MKRN1 and p53 immuno-
precipitation, we observed that the levels of p53 bound to
MKRN1 were attenuated up to 50% (Figure 5A, lanes 2 and
3). Under the same conditions, MKRN1 could not induce the
degradation of p53 (Figure 5B, lanes 2 and 4), which might
have resulted from the weakened interaction between p53 and
MKRNI1. Interaction between endogenous MKRN1 and endo-
genous p53 was also weakened on adriamycin treatment
(Supplementary Figure S6A, lanes 2 and 3). As a result,
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when MKRN1 was depleted in U20S cells by MKRN1 siRNA
under the same DNA damage-mediated stress, there was no
increase in endogenous p53 levels, whereas the levels of p53
increased under normal condition (Figure 5C). Furthermore,
there was no increased p53 phosphorylation at the 15 serine
residue under stress conditions. Unexpectedly, the depletion
of MKRN1 under normal or stress conditions elicited the
stabilization of p21 in the same cell extracts (Figure 5C).
These observations pose a very interesting issue, as the
increased levels of p21 do not seem to be the result of
activated p53 under this stress condition. Under the treatment
with 5uM adriamycin, the condition that induces cell death
rather than cell cycle arrest, there was no increase in p2l
mRNA (Figure 5D, lanes 3 and 4) as reported earlier (Rinaldo
et al, 2007). When Kkinetics of p21 and p53 stabilization were
tested under CHX treatment, the stability of p21 protein was
increased up to 80% by MKRN1 knockdown, regardless of the
presence of adriamycin (Figure SE upper panels, second and
fourth graphs). On the other hand, MKRN1 knockdown
induced stabilization of p53 only in the absence of adriamycin
(Figure 5E, middle panels, first and third graphs). Similar to
5 uM adriamycin treatment, ultraviolet (UV) irradiation abro-
gated the interaction between endogenous MKRN1 and p53,
resulting in the inhibition of MKRN1-dependent p53 degrada-
tion (Supplementary Figure S6A, lanes 2 and 4, and SG6B).
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Figure 5 MKRNI1 regulates p53 and p21 differently under stress conditions. (A) Interaction between p53 and MKRN1 under stress conditions.
H1299 cells transfected with the indicated plasmid were treated with 5pM adriamycin for 4 h. Whole cell extracts were immunoprecipitated
with a-HA mouse antibody and immunoblotted with a-p53 or o-HA rabbit antibodies. The asterisk (*) indicates pS3. (B) Degradation of p53 by
MKRNT1 in the presence of adriamycin. H1299 cells, transfected with the indicated, were treated with 5 uM adriamycin for 4 h, and analysed by
western blotting. (C) Detection of p53, p21, and apoptotic markers under MKRNI1 ablation in DNA-damaging conditions. U20S cells were
transfected with control siRNA and MKRN1 siRNA, treated with 5puM adriamycin for 12 h, and analysed by western blotting. (D) RT-PCR
analysis in U20S cells transfected with the indicated siRNAs in the absence or presence of adriamycin. RT-PCR analysis was carried out as in
Figure 1C. (E) Stability of p53 and p21 in MKRN1 knockdown cells on adriamycin treatment. U20S cells pretreated with control or MKRN1
siRNA were treated with or without adriamycin for 2 h. Afterwards, the cells were treated with CHX for the indicated times. The percentage of
remaining proteins were quantified by densitometry, normalized to actin, and are indicated in the graph. (F) Analysis of cell death affected by
MKRN1 ablation in the presence of ADR. U20S cells were transfected with the indicated siRNAs followed by the treatment of 5 uM adriamycin
for 24 h. Subsequently, cells were stained with propidium iodide and analysed using FACS. The percentage of cells in subGl1 is indicated

in the figure.
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It has been suggested that stabilization of p21 prevents
apoptosis by inducing cell cycle arrest and by interacting with
pro-caspase-3, caspase-8, or ASK-1 (Gartel and Tyner, 2002).
Thus, down-regulation of p21 is thought to be required when
cells undergo apoptosis (Han et al, 2002; Javelaud and
Besancon, 2002; Martinez et al, 2002; Seoane et al, 2002;
Bitomsky et al, 2008). Indeed, it has been shown that
lethal stress suppresses p21 expression despite p53 activa-
tion, whereas a low level of stress induces p21 expression by
p53 (Oda et al, 2000; Martinez et al, 2002; Rinaldo et al,
2007). Consistent with earlier data, the treatment of U20S
cells with 5uM adriamycin or 70J/m* UV resulted in
apoptosis detected by cleavage of caspase-3 and poly-ADP
ribose polymerase (PARP), and a drastic decrease in p2l
expression (Figure 5C, lanes 1 and 3; Supplementary Figure
S6C, lanes 1 and 3). Cell death induced by adriamycin or UV
treatment was further confirmed by determining subdiploid
cells using FACS analyses (Figure 5F and Supplementary
Figure S6D).

As mentioned above, depletion of MKRN1 resulted in p21
up-regulation in the cells treated with adriamycin or UV
without altering p53 levels (Figure 5C, lanes 3 and 4;
Supplementary Figure S6C, lanes 3 and 4). When MKRN1
siRNA was applied to U20S cells treated with adriamycin or
UV, the apoptotic process evident by the cleavage of caspase-
3 and PARP was drastically attenuated (Figure 5C, lanes 3 and
4; Supplementary Figure S6C, lanes 3 and 4). Accordingly,
MKRNT1 depletion induced reduction in cell death (Figure 5F;
Supplementary Figure S6D). To clarify whether stabilized p21
could be directly involved in the resistance to apoptosis in
MKRNT1-ablated cells on adriamycin or UV treatment, U20S
cells were simultaneously treated with p21 and MKRN1
siRNA. Resistance to apoptosis by MKRN1 ablation on adria-
mycin or UV treatment was relieved by p2l deficiency
(Figure SF; Supplementary Figure S6D). Collectively, our
data indicated that MKRN1 was no longer able to negatively
regulate p53 under stress conditions possibly because of
putative post-translational modification of p53. Yet, depletion
of MKRN1 was able to stabilize p21 either under stress or
normal conditions. Furthermore, ablation of MKRN1 could
induce prevention of adriamycin or UV-dependent apoptosis
as shown from the detection of apoptotic marker or FACS
analyses. Finally, although the lack of MKRN1 protected cells
from stress-induced cell death, this process was reversed by
p21 knockdown.

MKRN1 is an E3 ligase for p21, inducing its degradation
under normal or stress conditions

The stabilization of p21 on knockdown of MKRNT1 supports a
physical interaction between MKRN1 and p21. To confirm
that the stabilization of p21 under depletion of MKRN1 was
due to their interaction, we tested whether p21 and MKRN1
could bind to each other. Immunoprecipitation of exogenous
p21 and MKRN1 showed this binding (Figure 6A). We also
observed that ectopically expressed HA-MKRNT1 could bind to
endogenous p21 (Figure 6B). Reciprocal immunoprecipitation
analyses of endogenous MKRN1 and p21 clearly indicate that
both proteins could interact with each other (Figure 6C and
D). Furthermore, exogenous MKRN1 was able to degrade p21
in a concentration-dependent manner (Figure 6E). MKRN1-
facilitated degradation of p21 was prevented by MG132,
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indicating that degradation occurred through the protea-
some-dependent pathway (Figure 6F). MKRN1 H307E, the
E3 ligase defective mutant of MKRN1, was not able to
decrease the steady-state levels of p21, as well as stability
measured by CHX treatment, as expected (Figure 6G and H).
Furthermore, protein levels of endogenous p2l1 were also
affected by the MKRN1 wild -type, but not by the H307E
mutant (Figure 6I). Finally, ubiquitination analysis showed
that MKRNI1 increased p21 polyubiquitination, whereas
MKRN1 H307E did not (Figure 6J). The inability of MKRN1
H307E to induce p21 degradation and ubiquitination indi-
cated that p21 might be degraded through an MKRN1-depen-
dent ubiquitination process.

As p2l stabilization on MKRN1 knockdown was not
affected by adriamycin or UV treatment (Figure 5C;
Supplementary Figure S6C), we hypothesized that p2l
would still be degraded by MKRN1 under the same condi-
tions. As anticipated, MKRN1 was able to bind to and
degrade p2l in the presence or absence of adriamycin
(Figure 7A and B). MKRNI1 also induced degradation of p21
with UV treatment (Supplementary Figure S7A). In addition,
we were able to observe that the interaction between endo-
genous MKRN1 and p2l were not changed under stress
conditions (Supplementary Figure S7B). As p21 was rapidly
degraded on adriamycin and UV treatment, cells were treated
with MG132 before immunoprecipitation. To further eluci-
date the roles of MKRN1 on the endogenous p53 and p21, we
established two U20S cell lines, U20S/MKRN1#8 and #12,
which stably express HA-MKRN1. As expected, these MKRN1
stable cell lines displayed relatively lower levels of p53 and
p21 compared with the control, which could be stabilized by
the MG132 proteasome inhibitor indicating that p53 and
p21 were degraded by an MKRNI1-dependent proteasome
pathway (Figure 7C). When 5uM of adriamycin was
applied to these cell lines, p53 was stabilized within 4h as
expected (Figure 7D, lanes 2, 3, 5, 6, 8, and 9). On the other
hand, the steady-state levels of p21 were kept at reduced
levels in the U20S/MKRN1#8 and #12 stable cell lines
(Figure 7D, lanes 4 and 7). Of note, the steady-state levels
of p21 were rapidly decreased between 4 and 8h after stress
in control cells, indicating p53-mediated preferential stimula-
tion of other apoptotic target promoters compared with p21
under lethal apoptotic stimuli in the early phase of stress
(Figure 7D) as reported before (Oda et al, 2000; Martinez
et al, 2002). In addition to the down-regulation of p21,
both stable cell lines displayed increased levels of cleaved-
caspase-3 under stress conditions suggesting that the
decrease of p21 levels at the early phase of apoptosis could
accelerate the cell death processes of the stable cell lines
(Figure 7D, lanes 6 and 9). Moreover, we observed that
U20S/MKRN1#8 and #12 stable cells were highly vulnerable
to adriamycin-induced cell death compared with control cells
(Figure 7E, lower panels of graphs), concurrent with the
observations of reduced p21 levels in stable cell lines. We
also observed that stable expression of MKRN1 sensitized the
cells to UV-induced cell death by accelerating p21 degradation
(Supplementary Figures S7C and D). Finally, we also ob-
served that U20S cells transiently expressing GFP-MKRN1
were more sensitive to adriamycin-induced cell death
(Figure 7F). Taken together, our results indicate that
MKRNT1 binds to and functions as an E3 ligase of p21. The
MKRN1-mediated degradation of p21 was not influenced by
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Figure 6 MKRN1 binds to, degrades, and ubiquitinates p21. (A) Interaction between exogenous HA-MKRNI1 and Flag-p21. H1299 cells were
transfected with the plasmids expressing HA-MKRN1 and Flag-p21. Whole cell extracts and immunoprecipitates were analysed by western
blotting using o-p21 and «-HA antibodies. (B) Interaction between HA-MKRN1 and endogenous p21. H1299 cells were transfected with the
plasmid expressing HA-MKRN1 or empty vector. WCE and IP were analysed by western blotting using o-p21 and a-HA antibodies. The asterisk
(*) indicates heavy (lower panel) and light (upper panel) chains of IgG. (C, D) Reciprocal immunoprecipitation analysis between endogenous
MKRNI1 and endogenous p21. Lysates of U20S cells were immunoprecipitated with a-p21 mouse (C) or «-MKRNI1 rabbit (D) antibodies and
immunoblotted with o-p21 mouse or «-MKRN1 rabbit antibodies. (E) Degradation of p21 by MKRN1. H1299 cells were transfected with
plasmids expressing Flag-p21 and GFP with or without MKRN1. Levels of p21 were detected by western blot using o-p21 antibody. (F)
Proteasomal-dependent degradation of p21 by MKRN1. H1299 cells, transfected with the indicated plasmids, were treated with MG132 for 3 h.
Western blot analysis was performed as described above. (G, H) Effect of MKRN1 H307E on the stead-state levels and stability of p21. H1299
cells were transfected with the indicated plasmids. For determination of p21 stability, cells were treated with 100 ng/ml CHX and harvested at
the indicated time. Cell lysates were analysed by western blotting. (I) Endogenous p21 degradation by MKRN1. H1299 cells were transfected
with the plasmid expressing MKRN1 wild type or H307E. Cells were lysed and immunoblotted using «-p21 antibody. (J) Ubiquitination of p21
by MKRN1. H1299 cells, transfected with the indicated plasmids, were treated with MG132 for 3 h and then harvested. Ubiquitinated p21 was
detected by immunoprecipitation assay using a-Flag mouse antibody, followed by western blot using a-HA rabbit or a-p21 rabbit antibody. The
asterisk (*) indicates non-specific bands.

apoptotic stresses. As a result, anti-apoptotic activities of p21
were abrogated in the presence of MKRNI1.

Discussion

To repress p53 activities as a tumour suppressor, polyubiqui-
tination-mediated degradation of p53 is usually used as a
critical event. HdAm2 (human Mdm?2), an E3 ubiquitin ligase
containing a ring finger domain, is a major negative mediator
for p53 ubiquitination and degradation (Bode and Dong,
2004; Brooks and Gu, 2006; Lee et al, 2006). Hdm2 was
initially reported to target six lysine residues located at the
C-terminus of p53 for ubiquitination (Rodriguez et al, 2000).
However, numerous studies have suggested that the six
C-terminal lysines might not be the only sites for p53 ubiqui-
tination and degradation. Indeed, the p53 6KR mutant, which
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has its six lysine residues substituted with arginine, can still
be ubiquitinated and degraded in cells, although less effec-
tively (Camus et al, 2003; Tang et al, 2008). Furthermore,
emerging evidence shows that there might exist various p53’s
E3 ligases, such as pirh2, COP1, and ARF-BP1 (Brooks and
Gu, 2006). Indeed, E4F1 and MSL2 ubiquitinate p53 at the
sites different from six conventional lysine residues, although
these ubiquitination does not lead to the degradation process
(Le Cam et al, 2006; Kruse and Gu, 2009). Together, p53 can
be ubiquitinated at the multiple sites by the numerous E3
ligases to be controlled elaborately.

Here, we have identified MKRN1 as another E3 ubiquitin
ligase for p53. Interestingly, MKRN1 could induce degrada-
tion and ubiquitination of the p53 6KR mutant (Figure 4D and
E). Observations that MKRN1 could degrade p53 without its
six lysines at the C-terminus led us to identify two novel
ubiquitination sites, K291 and K292, on p53 (Figure 4B).
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Figure 7 MKRN1 degrades p21 under adriamycin treatment and stimulates adriamycin-induced cell death. (A) Binding of MKRN1 and p21
under stress conditions. H1299 cells, transfected with the indicated plasmids, were treated with 5uM of adriamycin for the indicated times.
WCE were immunoprecipitated with a-HA antibody, and immunoblotted with o-Flag antibody. (B) Degradation of p21 by MKRN1 under stress
conditions. H1299 cells, transfected with plasmids expressing the indicated proteins, were treated with 5 uM of adriamycin for 4 h. Cell lysates
were analysed by western blotting. (C) U20S cells stably expressing HA or HA-MKRN1 were treated with MG132 for 3 h. The protein levels of
p53 and p21 were detected by western blotting. (D) Western blot analysis of U20S cells stably expressing HA-MKRN1 with or without
adriamycin. U20S stable cell lines (MK1#8 and #12) were treated with 5uM of adriamycin for 4 and 8 h. Levels of p53, p21, and MKRN1 on
adriamycin treatment were monitored using western blot analysis. Activation of caspase-3 was also shown by a-cleaved-caspase-3 antibody.
(E) FACS analysis of cell death induced by adriamycin in MKRN1 stable cell lines. Cells were treated with adriamycin for 24 h, stained with
propidium iodide, and analysed using FACS. (F) FACS analysis of U20S cells overexpressing GFP or GFP-MKRNT1 in the presence of adriamycin.
U20S cells, transfected with GFP or GFP-MKRN1, were stained with propidium iodide and analysed by FACS after gating with GFP signal. The

percentage of cells in subG1 is shown in the figure.

These two lysines are highly conserved in most species that
express p53 (Figure 4C), and are also mutated in human
cancers, implicating possibly yet unknown critical roles for
K291 and K292 in p53 function (http://p53.free.fr). As lysine
residues also can be post-translationally modified by
acetylation, methylation, sumoylation, and neddylation, it
is plausible that these modifications compete with MKRN1-
dependent ubiquitination for the control of p53 activities.
MKRNI1 also seems to have an ubiquitination-independent
role for suppressing p53 activities similarly to Hdm2 (Minsky
and Oren, 2004; Ohkubo et al, 2006; Tang et al, 2008).
Transcriptional activity of the p53 2KR mutant that is con-
siderably resistant to MKRN1-mediated ubiquitination and
degradation was suppressed by MKRNI1 (Supplementary
Figure S8A and B). In addition, the E3 ligase-deficient mutant
MKRN1 was also able to suppress activation of a p53-depen-
dent reporter promoter (Supplementary Figure S8C). These
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data imply that MKRN1, similar to Hdm2, could negatively
regulate transcriptional activities of p53 through direct inter-
action (Minsky and Oren, 2004; Ohkubo et al, 2006; Tang
et al, 2008). As a result, the ubiquitination-dependent and -
independent roles of MKRN1 on the negative regulation of
p53 prevent improper activation of p53-dependent cell cycle
arrest and apoptosis in unstressed cells. On the other hand,
ablation of MKRNI1 resulted in p53 and p21 up-regulation,
and led to growth arrest in p53-positive cells.

Most E3 ubiquitin ligases for p53, such as Hdm2, Pirh2,
and COP1, have also been reported to be transcriptionally
regulated by p53, and thus, forming a negative regulatory
feedback loop (Brooks and Gu, 2006). However, there is no
difference in expression of MKRNI1 in p53-positive and
-negative HCT116 pair cell lines (Supplementary Figure
S2C). Similarly, H1299 cells, which lack p53 express a con-
siderable amount of MKRN1 (Figure 1D). Furthermore, the
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MKRN1 promoter also has no putative p53-binding site
suggesting that MKRN1 might not to be a target of p53.

In this report, we have also identified p21 as a target of
MKRN1. MKRN1 binds to and degrades p21 by inducing its
polyubiquitination. Even though p21 is truly ubiquitinated
in cells, it is still controversial whether ubiquitination is
required for p21 degradation (Sheaff et al, 2000; Bloom
et al, 2003; Jin et al, 2003, 2008; Nishitani et al, 2008). As
a p21 mutant with all lysine residues mutated to arginine is
still degraded, ubiquitination of p21 seems to be dispensable
for certain degradation pathways (Jin et al, 2003). Supporting
this idea, it has been observed that no E3 ligase activities of
Mdm2 and Mdmx are required for the degradation of p21 (Jin
et al, 2003). On the other hand, several reports have sug-
gested the necessity of p21 ubiquitination for its degradation
through other E3 ligases (Maki and Howley, 1997; Fukuchi
et al, 1999; Nakanishi et al, 2000; Nishitani et al, 2008). Our
results indicate that MKRN1 mediates ubiquitination-depen-
dent degradation of p21 as MKRN1 defective in E3 ligase
activity is unable to induce p21 degradation as well as its
ubiquitination.

Down-regulation of p21 under DNA-damaging stress is
considered as an important step for facilitating efficient
apoptosis, as the existence of p21 can stimulate a cells’
responses towards cell cycle arrest through the suppression
of apoptosis (Zhang et al, 1999; Gartel and Tyner, 2002; Han
et al, 2002; Javelaud and Besancon, 2002; Martinez et al,
2002; Hill et al, 2008). Although inhibition of p21 activity
through the transcriptional inhibition by Myc, Mizl, Ztbt4,
Pdcd4, or the cleavage of p21 by caspase-3 are known to take
place under apoptotic stimuli (Zhang et al, 1999; Seoane et al,
2002; Bitomsky et al, 2008; Weber et al, 2008), our data
indicate that MKRN1-mediated p21 ubiquitination and degra-
dation are also important processes for inducing apoptosis.
The importance of MKRN1-dependent p21 degradation is
highlighted by the observations that MKRN1 knockdown
resulted in p21 stabilization and prevention of DNA da-
mage-induced apoptosis (Figure 5).

Activity of MKRNI1 also seems to be regulated in
multiple ways. DNA-damaging stress impaired the function
of MKRNI1 related to pS53 degradation (Figure 5A-C).
However, MKRN1 was able to degrade p2l under stress
conditions (Figures 5E and 7B; Supplementary Figure S7A),
indicating that there might be separate regulatory pathways
that control the function of MKRN1 towards p53 and p2l
under stress conditions. Furthermore, we constantly ob-
served a rapid decrease in the levels of MKRNI1 at the later
stage of stress, suggesting possible destabilizing mechanisms
of MKRN1 (Figure 7D).

MKRNT1 is highly conserved in vertebrates. Human MKRN1
is 92% identical (94% similar) and 73% identical (80%
similar) at the amino-acid level to mouse MKRN1 and chick-
en MKRNI, respectively (Gray et al, 2000). Drosophila and C.
elegans also express MKRN1 orthologues. Although MKRN1
in these species is only 27 and 25% identical (40 and 38%
similar) at the amino-acid level, respectively, to human
MKRNT1, these MKRNI1 orthologues have six zinc-finger mo-
tifs that are >70% similar to those of human MKRN1. As
explained above, two lysine residues of p53, which are
regulated by MKRN1 in human beings, were also conserved
from C. elegans to human beings (Figure 4C). Thus, it should
be investigated whether MKRN1 in lower species is also
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Figure 8 A schematic model for the p53/p2l regulatory pathway
mediated by MKRNI.

involved in the control of p53 activity through the regulation
of these two conserved lysines. It is also interesting to note
that among various p53 E3 ligases, only MKRN1 and ARF-
BP1 are conserved from C. elegans to human beings. As
Hdm2 and COP1 have no orthologue in Drosophila and C.
elegans, and Pirh2 can be found in Drosophila, MKRN1 and
ARF-BP1 might be ancient regulators of p53 (Brooks and Gu,
2006). Similar to ARF-BP1, MKRNI1 is not regulated by p53,
whereas Mdm2, COP1, and pirh2 display a p53-dependent
feedback loop (Brooks and Gu, 2006). However, we cannot
exclude the possibility that MKRN1 might be indirectly
regulated by p53 target proteins under stress conditions.
These observations indicate how various p53 E3 ligases are
functionally evolved from different species.

Overall, the comprehensive function of MKRN1 can be
described as follows. Under normal conditions, MKRNT1 is
able to suppress p53 and p21 by ubiquitin-dependent degra-
dation. Specifically, MKRNI1 targets lysines on residues 291
and 292 of p53 for polyubiquitination (Figure 8, left panel).
Furthermore, its binding to p53 prevents the transcriptional
activities of p5S3 (Supplementary Figure S8). This inhibition
ensures the regular growth of normal cells under unstressed
conditions. Under stress conditions, MKRNI1 ceases to have a
negative effect on p53, allowing p53 to proceed with its
cytotoxic effects on cells. However, the regulatory effect of
MKRN1 on p21 is still active, preventing an excessive accu-
mulation of p21 and, thus, stimulating the apoptotic process
if necessary (Figure 8, right panel). The continuous destabi-
lization of p21 by MKRNI1 seems to be required to help cells
become more susceptible to apoptotic stimuli.

MKRN1 is expressed in most human tissues, such as heart,
brain, lung, liver, skeletal muscle, kidney, and pancreas (Gray
et al, 2000). It has yet to be identified whether these en-
dogenous MKRNT1 have different roles in determining the fate
of cells other than the ones suggested here. As MKRN1 seems
to be tightly related to the maintenance of homeostasis for
p53 and p21 as well as hTERT (Kim et al, 2005), future studies
need to be extended further to investigate its role in cellular
ageing and death process in the primary cells as well as in
stem cells in various organs.

Our results identify the evolutionary conserved MKRN1
as a novel regulator of p53 and p2l, which mediates
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p53-dependent cell cycle arrest and apoptosis. It seems that
MKRN1 differently regulates p53 and p2l1 under different
stresses, thus having an important function in facilitating
p53-dependent apoptotic pathways. Eventually, these obser-
vations are expected to provide novel therapeutic targets for
tumourigenesis.

Materials and methods

Plasmids

MKRN1 cDNA and p21 cDNA were purchased from the Frontier
Human Gene Bank (Seoul, Korea). MKRN1 cDNA was also kindly
provided by IK Chung (Yonsei University). MKRN1 cDNA was
subcloned into pcDNA3.1, pcDNA3-HA, pcDNA3-Flag, pGEX-4T-1,
and pEGFP-C2. MKRN1 H307E was generated by site-directed
mutagenesis, and MKRN1 deletion mutants were generated by
polymerase chain reaction (PCR). p21 cDNA was subcloned into
pcDNA3-HA and pcDNA3-Flag vectors. pSV-p53, pcDNA3-p53 6KR,
and pcDNA3-His-Ub were described earlier (Camus et al, 2003).
pcDNA3-HA-p53 has been described earlier (Oh et al, 2006). p53
deletion mutants and the lysine-to-arginine mutant were also
generated by PCR, and then subcloned into pcDNA3.1, pcDNA3-
HA, and pcDNA3-Flag vectors. pHM6-HA-Ub has been described
earlier (Yang et al, 2008). The pEGFP-C2 vector (Clontech, San
Diego, CA) was used as a transfection control.

Cell culture and transfection

The H1299 human lung carcinoma cell line and 293T kidney cell
line were maintained in Dulbecco’s modified Eagle’s Medium
supplemented with 10% fetal bovine serum (FBS) (GIBCO-BRL,
Rochester, NY) and 1% penicillin/streptomycin (Invitrogen, Carls-
bad, CA) in 5% CO, at 37°C. HCT116 pair cell lines were kindly
provided by Dr B Vogelstein (Johns Hopkins University, Baltimore,
MD). HCTI116 cells were maintained in McCoy’s 5A medium
supplemented with 10% FBS and antibiotics. U20S/HA-MKRN1
stable cell lines were selected and maintained in 800 pug/ml G418
(Sigma-Aldrich, St Louis, MO). Multiple independent single
colonies were subcloned and checked for protein expression by
western blotting. The transient transfections were performed using
Lipofectamine 2000 (Invitrogen) or WelfectEX (Welgene Biotech,
Daegu, Korea) according to the instructions of the manufacturer.
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Growth curves and crystal violet staining

Cells were transfected with 50 nM of siRNAs by reverse transfection
method using Lipofectamine RNAiMax. For determining cell
growth, cells were seeded in wells of 12-well plates. Viable and
dead cells were counted at the indicated times using trypan blue
staining. For crystal violet staining, cells were plated into 60 mm-
diameter culture dishes and stained with crystal violet 2 and 3 days
after transfection.

FACS analysis
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