E3s That Target Wild-Type p53
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p53 plays a role in different biological processes such as proliferation, invasion, pluripotency, metabolism, cell cycle
control, ROS (reactive oxygen species) production, apoptosis, inflammation and autophagy. In the nucleus, p53 functions
as a bona-fide transcription factor which activates and represses transcription of a number of target genes. In the
cytoplasm, p53 can interact with proteins of the apoptotic machinery and by this also induces cell death. Despite being so
important for the fate of the cell, expression levels of p53 are kept low in unstressed cells and the protein is largely
inactive.
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| 1. E3s That Ubiquitinate p53 and Target. It for Degradation

Most E3s that have been reported to modify p53 target p53 for proteasomal degradation (Table 1, Figure 1). The largest
group of them are E3s with a RING domain.
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Figure 1. E3s that target p53 for degradation. RING-domain E3s (MDM2, Synoviolin, MKRN1, MKRN2, COP1, PIRH2,
TOPORS, CARP1, CARP2, RNF1, RNF2, RNF128, TRIM24, TRIM32, TRIM39, TRIM59 and TRIM71), a HECT-domain
E3 (ARF-BP1), two U-Box-domain E3s (CHIP, UBE4B) and a SCF-complex with the F-Box-domain protein FBX0O42
modify p53 with lysine K48-linked polyubiquitin chains resulting in p53 degradation.

Table 1. E3s that target p53 for proteasomal degradation.

E3 Alias Type References
MDM2 Hdm2 RING [L[213141(5]
MKRN1 RNF61 RING 6]
MKRN2 RNF62 RING @
COP1 RNF200 RING &
PIRH2 ZN363 RING [91[10][11]
Synoviolin HRD1 RING [12]13]
TOPORS P53BP3 RING [14][15][16]
RNF1 RING1 RING [17]
RNF2 RING1B RING [18][29]

RNF128 Grail RING [20]



E3 Alias Type References

TRIM24 TIF1A RING [21]
TRIM32 HT2A RING [22][23]
TRIM39 RNF23 RING [24]
TRIM59 RNF104 RING 125]
TRIM 69 RNF36 RING [26][27]
TRIM71 Lin41 RING [28]
CARP1/2 RNF34/RNF189 RING 29
UBE3A E6-AP HECT [30][311[32][33]
ARF-BP1 HUWE1 HECT (2411351
CHIP UBOX1 U-box [36][37][38]
UBE4B UBOX3 U-box [39][40]

1.1. RING-Domain E3s

RING-domain E3s are characterized by the presence of a RING (Really Interesting New Gene) domain. The amino acid
sequence of the RING normally follows the pattern C-X»-C-X(9.39)-C-X(1-3)-H-X(2.3)-C-X5-C-X4.48)-C-X>-C, also abbreviated
as C3HC4 or RING-HC. Two zinc atoms coordinate the conserved seven cysteine residues and the histidine residue and
stabilize the structure. Variations of the RING pattern, where a cysteine residue is replaced by a histidine residue as in the
RING-H2 variant or where cysteine residues and histidine residues are swapped or replaced by another amino acid that
can coordinate zinc, have also been observed L. RING-domains are sites of protein-protein interactions, in particular
with E2s. Although some E3s act as single proteins, they have a preference to form homo and heterodimers 1],

The most studied RING-type E3 is MDM2. MDM2 bhinds to the transactivation domain of p53, inhibits its transcriptional
activity and mediates p53 ubiquitination and degradation via 26S proteasomes RIZEl Since MDM2 is also a
transcriptional target of p53, the two proteins form a negative feedback loop. This feedback loop restrains p53 abundance
since as soon as p53 levels rise, MDM2 levels rise as well and foster p53 degradation 4. MDM2 mediates ubiquitination
of p53 with K48-linked polyubiquitin chains at six key lysine residues in the C-terminus (K370, K372, K373, K381, K382
and K386) resulting in p53 degradation [&l. Genetic deletion of MDM2 leads to embryonic death that is rescued by
simultaneous deletion of p53, demonstrating that MDM2 is a key regulator of p53 2. After DNA damage, p53 is released
from MDM2, allowing its accumulation to high levels and transcriptional activation of its target genes 3l Thirty-seven
different isoforms can be generated from the MDM2 gene, although it is unclear whether they are all translated. Most of
them lack a p53-binding site. MDM2 isoforms are more frequently expressed in poorly differentiated and late-stage tumors
(441145 Apart from full-length MDM2, only the smallest isoform (MDM2-E) co-precipitates with p53 44l Although the isoform
MDM2-A does not bind to p53, it causes p53-dependent perinatal lethality and senescence 3. As MDM2 forms dimers,
the full-length protein can heterodimerize with MDM2 isoforms, allowing the isoforms to control p53 abundance and
activity in trans. Some heterodimers consisting of full-length MDM2 and one of its isoforms are even more potent in
ubiquitinating p53 than homodimers of the full-length protein 8. Of note, despite the increase in p53 ubiquitination,
heterodimers of MDM2-B and full-length MDM2 even increased p53 activity 47148 More recently, it was found that
MDM2-C also has E3 activity and ubiquitinates wild-type and mutated (R273H) p53 42, However, it was not determined
whether this ubiquitination of p53 by MDM-C leads to p53 degradation.

Other RING-domain E3s that mediate p53 degradation are MKRN1 and MKRN2. MKRN1 and MKRN2 are members of
the MKRN (Makorin Ring) protein family, a highly conserved but not very well-investigated family of RING-domain
containing proteins. MKRN1 mediated polyubiquitination of p53 at lysine residues K291 and K292 resulted in p53
degradation and downregulation of MKRN1 induced p53-dependent cell cycle arrest €, Interestingly, MKRNL1 is also an
E3 for p21 and promotes p21 poly-ubiquitination and degradation. Upon DNA damage, the interaction of p53 and MKRN1
is strongly reduced resulting in elevated p53 levels while degradation of p21 is still ongoing. Therefore, under normal
growth conditions, MKRN1 keeps cells alive by suppressing p53 and p21. However, when cells experience cellular stress,
MKRN1 primarily induces the degradation of p21 leading to increased cell death [, MKRNZ2 also binds and ubiquitinates
p53 resulting in downregulation of the tumor suppressor protein. MKRN2 is highly expressed in human malignant
melanoma cell lines and downregulation of MKRN2 inhibited melanoma growth in a p53-dependent manner [,



COP1 (constitutive photomorphogenic protein 1) is another RING-domain E3 that mediates p53 degradation. COP1 was
identified by mass spectrometric analysis as a binding partner of p53. COP1 increased p53 turnover by targeting it for
ubiquitin-mediated degradation and deletion of COP1 stabilized p53, inhibited p53-dependent transcription and arrested
cells in the G1 phase of the cell cycle. Although COP1 was able to target p53 for degradation by itself, depletion of both,
COP1 and MDM2, by siRNA showed that these two E3s can cooperate and sensitize U20S cells to ionizing-radiation-
induced cell death. COP1 is, furthermore, a target gene of p53, which connects the two proteins by a negative feed-back
loop . Like Mdm2, COP1 also possesses splice variants. A total of eleven transcripts have been generated from the
human COP1 pre-mRNA and shown to exist in human cell lines. Together with the full-length protein, the COP1D variant
is the most abundantly expressed isoform and the only one that has been investigated in human cells and tissues. COP1
and COP1D are nuclear proteins. Their expression varies between different cell lines and tissues. Both isoforms are
induced by UV-light albeit with different ratios. Full length COP1 and COP1D form homo- and heterodimers. While
COP1D reduced the ability of the full-length protein to target c-Jun for degradation, both isoforms decreased p53 levels
under steady-state conditions and after UV-exposure 59,

A further RING-E3 for p53 is PIRH2 (p53-induced protein with a RING-H2 domain). PIRH2 was identified as a p53 target
with a RING-domain by differential display . Further analysis showed that PIRH2 binds to p53 and that overexpression
of PIRH2 reduces p53 levels because of PIRH2-mediated polyubiquitination and degradation. Accordingly, transcriptional
and growth inhibitory activities of p53 were also reduced after overexpression of PIRH2 . The overall ligase activity of
PIRH2 towards p53 was lower than that of MDM2 and PIRH2 modified a different set of lysine residues 19. Like MDM2,
PIRH2 is a transcriptional target of p53 and was induced after ionizing irradiation in murine embryonic fibroblasts, yet not
to the same extent as MDM2. Of note, activation of p53 in MCF-7 and A549 cells by DNA damage did not lead to the
accumulation of PIRH2, pointing to a cell type-dependent regulation of PIRH2 I, PIRH2 is highly expressed in several
cancer cell lines regardless of the p53 status, suggesting that it also has p53-independent oncogenic activities 1. PIRH2
also comes in several isoforms. A total of six isoforms have been described so far (PIRH2A to PIRH2F, where PIRH2A is
the full-length protein) 545258 pIRH2B and PIRH2C have been detected in different cell lines and PIRH2E and PIRH2F
in HepG2 cells BUB3], PIRH2B and PIRH2C show the same diffuse staining in the nucleus and cytoplasm as the full-
length protein. While PIRH2B is able to dimerize with PIRH2A, this is not the case for PIRH2C, yet all three proteins co-
precipitated with MDM2 581, PIRH2B associates with p53 to a similar extent as the full-length protein while PIRH2C shows
only weak interactions with p53. Nevertheless, both isoforms were able to ubiquitinate p53, to target it for degradation and
to reduce its transcriptional activity. However, because their RING domains are disrupted, neither PIRH2B nor PIRH2C
were able to ubiquitinate p53 directly and required other proteins, eventually PIRH2A or MDM2 B3l, PIRH2D lacks the C-
terminal RING domain and thus most likely also E3 activity 52,

Synoviolin is a RING-type E3 that is located in the endoplasmatic reticulum (ER). Synoviolin was identified as an E3 for
p53 in cells where synoviolin had been genetically deleted and where p53 accumulated. Synoviolin binds directly to p53,
sequesters p53 in the ER and mediates ER-associated polyubiquitination and degradation of p53. Knocking-down
synoviolin resulted in p53 accumulation and induction of the GADD45 (growth arrest and DNA damage-inducible protein),
MDM2 and p21 genes 12, The activity of synoviolin is regulated by ER stress. In unstressed cells, synoviolin keeps the
steady state levels of p53 low by ubiquitinating it for 26S proteasome-dependent degradation. After mild ER-stress,
synoviolin is transcriptionally upregulated and the increased amount of synoviolin is still able to target p53 for degradation.
However, under severe or prolonged ER-stress, the overwhelming amount of unfolded proteins may squelch and release
p53 from synoviolin and allow its accumulation and activation 121,

Another RING-type E3 that mediates p53 degradation is TOPORS (TOP1 Binding Arginine/Serine Rich Protein, E3).
TOPORS was initially found as a p53-binding protein by a yeast two hybrid system with p53 as a bait 24, Overexpression
of TOPORS resulted in a proteasome-dependent decrease in p53 protein expression in human osteosarcoma cells.
TOPORS can cooperate with the E2 conjugating enzyme, UbcH5a, Ubch5c and UbcH6 for mediating p53 ubiquitination
(18], ybiquitination and degradation of p53 by TOPORS is regulated by phosphorylation of TOPORS at serine S718 by the
Polo-like kinase 1 (PLK1). Plk1l-mediated phosphorylation of TOPORS enhances p53 ubiquitination and degradation. As
PLK1 expression is highest in late G2 and S-phase of the cell cycle, this is probably also the time when TOPORS-
mediated regulation of p53 occurs L8 TOPORS is induced after DNA damage, however, while several E3s are target
genes of p53, the DNA damage-induced induction of TOPORS is independent of p53 [B4],

Two more recently discovered E3s for p53 are RNF1 and RNF2, also known as RING1 and RING1B L8 RNF1 is a
crucial component of the transcriptional repression complex PRC1 and RNF2, is part of the transcriptional repression
complex PRC2 of the polycomb group. RNF1 directly interacts with p53 and mediates its ubiquitination and degradation
by 26S proteasomes. Depletion of RNF1 resulted in p53 stabilization and p53-dependent cell cycle arrest, apoptosis and
senescence of HepG2 and HCT116 cells. This effect was compromised in p53-deficient cells showing that the induction of



apoptosis and senescence occured via p53 and not through other activities of RNF1 4. RNF1 is even capable of
downregulating p53 during the DNA damage response 4. RNF2 binds to p53 and mediates p53 ubiquitination and
degradation, however, only in selected cells and cell lines including cells from germ cell tumors or ovarian cancers L8191,
Also, RNF2 requires the Bmil protein of the PRC2 complex for full activity 2. Furthermore, although RNF2 can bind
directly to p53, it also binds to MDM2 and forms a ternary complex with the two proteins. Overexpression of RNF2 was
not sufficient to mediate p53 ubiquitination in vitro or in HEK293T cells, suggesting that RNF2 may require MDM2, Bmil or
a further protein to promote p53 ubiquitination 18!, Downregulation of RNF2 primarily leads to the induction of cell cycle
arrest-linked target genes of p53 and of genes that contribute to cellular metabolism but not to the induction of the pro-
apoptotic target genes Bax, Noxa and Puma B2, Starvation of cells, which downregulates RNF2 expression, leads to
enhanced p53-dependent apoptosis and to liver atrophy in mice 29, Although RNF1 can form complexes with RNF2, the
association of RNF1 with p53 and its ubiquitination and degradation are independent of an interaction with RNF2 (22,

Other RNF proteins that target p53 are RNF38 and RNF128. RNF38 is widely expressed in a variety of human tissues
and evolutionary conserved B8, |ts interaction with p53 was first identified in a genome-wide in vitro expression pull-down
screen using Drosophila p53 as a bait 2. RNF38 is a nuclear protein and predicted to have three isoforms. At least the
full-length protein interacts with the E2 enzyme UbcH5b and shows E3 activity. The interaction of RNF38 with p53 was
confirmed using bacterially expressed proteins, showing that the interaction is direct. RNF38-mediated ubiquitination of
p53 was observed in vitro and after overexpression in cells. Overexpression of RNF38 forced p53 into punctate structures
in the nucleus, some of them colocalized with PML bodies 28, Unfortunately, no data are available on p53 stability upon
overexpression of RNF38. Thus, it is also possible that RNF38-mediated ubiquitination of p53 leads to its activation which
would be consistent with the deletion of the chromosomal area, where the RNF38 gene is located, in several malignancies
(58] RNF128, also known as Grail, is a transmembrane protein that is localized in endosomes and best-known as a
regulator of energy and cytokine production 2. RNF128 usually exists as a tri-molecular complex comprising Grail,
Otubl, and USP8 and possesses E3 activity 29, The interaction of RNF128 with p53 was identified through a yeast two-
hybrid SOS recruitment system for identifying p53-interacting proteins. RNF128 interacts with the N-terminal domain of
p53 under normal growth conditions as well as after DNA damage. 9. Overexpression of RNF128 reduced p53 levels
and stability, and expression of its downstream target genes p21 and Bax, and p53-dependent apoptosis. RNF128 is a
p53 target gene and as it is able to target p53 for degradation after treatment with actinomycin D or exposure to UV-light,
it may contribute to the downregulation of p53 after DNA damage, particularly as RNF128 is induced by p53 under these
conditions 29, As RNF128 is highly abundant in heart and liver, it may regulate p53 expression especially in these tissues.
Although RNF128 downregulates p53, its expression was significantly reduced in advanced urinary cancer and its low
expression was correlated with high tumor stage, high histological grade, high proliferation and vascular and perineural
invasion (69,

Some other RING-type E3s that mediate p53 ubiquitination and degradation belong to the TRIM-family of proteins, a
protein family with more than 80 members that are characterized by an N-terminal RING-domain, one or two B-Boxes and
a coiled-coiled region. Due to the presence of a RING-domain, most TRIM proteins possess E3 activity. TRIM24, TRIM32,
TRIM39, TRIM59, TRIM69 and TRIM71 all mediate ubiquitination and degradation of p53 [21[231[24127](28] TR|M24 was first
identified as a co-repressor of the retinoic acid receptor alpha 1. Later, by a tandem-affinity-purification approach with
subsequent mass spectrometry analysis, it was found to associate with p53 2. TRIM24 ubiquitinates p53 and promotes
its degradation in 26S proteasomes. Downregulation of TRIM24 in human tumor-derived cancer cells resulted in p53-
dependent apoptosis 2. In contrast to MDM2™~ embryos, which die a few days after fertilization, TRIM24™~ mice are
viable 82183 However, mutation of the TRIM24 homolog Bonus led in Drosophila to apoptosis that was rescued by p53
deletion 2. Like many E3s that target p53, TRIM24 is also a target gene of p53, connecting the two proteins by a
negative feedback-loop 2. DNA damage leads to phosphorylation of TRIM24 at serine S768 by the ATM kinase, resulting
in the release of p53 from TRIM24 and degradation of TRIM24 22, Due to the high levels of p53 after DNA damage,
TRIM24 is continuously synthesized and as it can even bind to phosphorylated p53 and target it for degradation, TRIM24
contributes to the return to normal p53 levels once DNA lesions have been repaired 22, TRIM32 is best known for its
activity during neuronal and skeletal muscle cell differentiation 4. However, the ligase is also frequently overexpressed in
head and neck cancers and in skin carcinoma 2. In line with promoting p53 degradation, TRIM32 has been shown to
reduce the transcriptional activation of p53 target genes, both under non-stressed conditions and after DNA damage, and
to reduce p53-mediated cell cycle arrest and apoptosis while downregulation of TRIM32 increased expression of p53-
target genes in a p53-dependent manner (8. As TRIM32 is, like MDM2 or TRIM24, a target gene of p53, both proteins are
connected by a negative feedback loop 23, Also, TRIM39, better known as a regulator of the anaphase promoting
complex 87 can directly bind to p53, ubiquitinate the tumor suppressor protein and target it for degradation. Most
interestingly, cells harboring wild-type p53 cannot traverse the G1/S checkpoint when TRIM39 is absent from the cell and
this cell cycle arrest depends strongly on p53 [24. Although TRIM39-mediated ubiquitination of p53 is independent of



MDM2, TRIM39 synergizes with MDM2 to promote cell cycle arrest and apoptosis via promoting p53 degradation. This is
possible as both proteins bind to different domains of p53 24, TRIM59, attracted attention when it was found to be highly
overexpressed in gastric cancer. Its increased levels were, furthermore, associated with more advanced tumor stages and
shorter survival times 22, Knocking-down TRIM59 reduced proliferation and clonogenicity of gastric cancer cells and the
growth of xenografts in nude mice while increased levels of TRIM59 are correlated with decreased expression of p53
target genes, probably resulting from the interaction of TRIM59 with p53 and its ubiquitination and degradation 23],
TRIM69 is a protein that is present in the cytoplasm and nucleus where it forms speckled aggregates in a RING-
dependent manner €8], |t is highly expressed throughout zebrafish embryogenesis and in most adult tissues with highest
expression in testis, brain, heart and ovary (28], Knocking-down TRIM69 by morpholino-antisense-oligonucleotides induced
massive cell death that was rescued by knocking-down p53 28], Further analysis showed that overexpression of TRIM69
reduced UVB-induced apoptosis while downregulation of TRIM69 induced it [ZZl. TRIM69 interacted with p53 and induced
its ubiquitination 4. TRIM69 is downregulated in cataract lenses whereas p53 levels are higher under these conditions,
suggesting that the regulation of p53 by TRIM69 might play a role in this process. 2. TRIM71 is an E3 that is especially
linked to stem cell pluripotency, reprogramming and neurogenesis. It is indispensable for neural tube closure and
embryonic development. TRIM71 interacts directly with p53, controls its abundance by ubiquitinating lysine residues
K313-K315 within the nuclear localization signal and antagonizes p53-dependent pro-apoptotic and pro-differentiation
responses 28l TRIM717~ cells showed upregulation of Grhl3 and Caspase-3 activation, two downstream effectors of p53
(28] TRIM71 is particularly active after the onset of differentiation of embryonic stem cells. Overexpression of TRIM71
decreased p53 protein levels in this setting and increased cell proliferation. Most importantly, induction of neural
differentiation is associated with p53-dependent accumulation of cleaved Caspase-3 and this is strongly reduced upon
overexpression of TRIM71. Loss of TRIM71 resulted in aberrant p53 activation during neural tube closure leading to
massive cell death and an unclosed neural tube [28],

Another protein family where members show E3 activity towards p53 are the CARPs (Caspase8/10-associated RING
proteins) 29, CARPs (CARP1 and 2) usually target Caspase 8 and 10 for degradation and are cleaved by the activated
Caspases 8 and 10 once the extrinsic cell death pathway is initiated 2. CARPs are overexpressed in tumors and their
downregulation reduced cell viability. CARP1 and 2 physically interacted with p53, ubiquitinated it, promoted its
degradation and reduced the expression of p53 target genes and the induction of cell cycle arrest. CARPs belong to the
few E3s that also target phosphorylated p53 for degradation and thus contribute to the return to basal p53 levels once
DNA lesions are repaired 89, In addition to the direct role for p53 degradation, CARPs bind to MDM2 and stabilize MDM2
by inhibiting its self-ubiquitination. The resulting elevated levels of MDM2 also contribute to the strong decrease in p53
levels upon overexpression of CARPS 79,

1.2. HECT-Domain and U-Box-Domain E3s

Apart from RING-domain containing E3s, some U-Box and HECT-domain containing E3s target p53 for degradation.
Among these E3s are the HECT-domain containing proteins UBE3A and ARF-BP1 and the U-box E3s CHIP and UBE4B.

The HECT domain of E3s roughly consists of 350 amino acids that form a larger N-terminal and a smaller C-terminal lobe
that are connected by a short linker 1. The N-terminal lobe is the landing site for the E2 while the C-terminal lobe
contains the active-site cysteine that forms a thioester bond with ubiquitin resulting in an E3-ubiquitin intermediate before
the ubiquitin is transferred to its substrate /2,

UBE3A was the first HECT-type E3 that was found to be involved in p53 regulation BYBE, Over-expression of UBE3A in
neuro 2a cells increased ubiquitination and degradation of p53 that could be prevented by deletion of the HECT-domain of
the ligase. Partial knockdown of UBE3A increased p53 levels and p53-dependent transcription, and also promoted
neuronal cell death B2, In vitro ubiquitination assays showed that UBE3A directly interacts with and ubiquitinates p53 3],
UBE3A comes in several isoforms. Five mRNA subtypes have been isolated that are all expressed in cells, yet to varying
degree, giving rise to three isoforms. Isoform | corresponds to the previously reported open reading frame for E6-AP while
isoforms Il and lll have additional 20 and 23 amino acids, respectively, at their N-termini and utilize different initiation
codons 31, No function has as yet been assigned to the different isoforms.

ARF-BP1 is with approximately 500 kD one of the largest proteins in the cell. It was identified as a protein that co-purified
with overexpressed pl14/p19”RF protein, the alternative transcript of the Ink4a/ARF tumor suppressor locus (24,
p14/p19°RF exhibits tumor suppressive activities by stabilizing p53 in response to oncogenic stimuli. Oncogenes such as
Myc or Ras induce the p14/p19°RF protein resulting in nucleolar sequestration and degradation of MDM2 with the
consequence of p53 stabilization and activation /4. In wild-type cells, ARF-BP1 binds directly to p53 and ubiquitinates
p53, an activity that is inhibited by the p14/p19”°RF protein B4, Inactivation of ARF-BP1 is essential for p14/p19ARF—



mediated stabilization of p53 e.g., in response to oncogenic stimuli 4. Knock-down of ARF-BP1 also elevates the levels
of endogenous p53, increases expression of its target genes and induces cell death. ARF-BP1-mediated cell death is p53-
dependent and not seen in p53-negative HCT116 cells. Inactivation of ARF-BP1 during embryonic development resulted
in p53-activation and embryonic lethality, however, mice where ARF-BP1 was only deleted in pancreatic 3-cells were
viable and displayed no obvious abnormality after birth, indicating that the regulation of p53 by ARF-BP1 is particularly
powerful in a subset of cells and tissues 53,

The U-box is a domain of about 70 amino acids that is present in proteins from yeast to man. The predicted structure of
the U-box is similar to that of the RING domain, yet U-boxes lack the metal coordinating histidine and cysteine residues
that are a hallmark of the RING domain 2], Like RING-domain E3s, U-box E3s lack a catalytic cysteine and rather act as
a scaffold to orient the E2 and the target to allow efficient ubiquitination of the target protein. In mammals, there are six U-
box proteins that mediate ubiquitination of target genes in conjunction with Els and E2s 2, Two of them, CHIP and
UBEA4B are able to mediate ubiquitination and degradation of p53.

CHIP (carboxyl terminus of HSP70-interacting protein) is a protein that is highly expressed in adult striated muscle and in
most cells in culture. It associates with the chaperones Hsc70 and Hsp70 and inhibits their activity (8. Most interestingly,
CHIP not only mediates poly-ubiquitination and degradation of wild-type p53 but also of mutated p53 [B8l. Ubiquitination of
wild-type and mutated p53 by CHIP was further enhanced by the presence of Hsc70 4. CHIP seems not only to degrade
proteins that associate with chaperones, it also appears to be particularly required for the degradation of proteins during
senescence, a permanent cell cycle arrest A8, The p53 protein is also highly linked to senescence as activation of p53
can lead to cell cycle arrest, apoptosis and senescence 2. Interestingly, p53 levels are high under pre-senescent
conditions and decrease when cells reach senescence while the protein levels of CHIP show the opposite characteristic
and are high in “late passage cells” 28l This behavior is clearly distinct to many other E3s for p53 including MDM2, COP2,
PIRH2 or TOPORS that are either reduced with increasing age or not altered. CHIP is not only induced with aging, it also
changes from an entirely cytoplasmic localization in young cells to a partly cytoplasmic/partly nuclear localization in
senescent cells B8l These observations strongly point to a specific role of CHIP-mediated degradation of p53 in old and
senescent cells, a hypothesis that is further supported by the observation that downregulation of e.g., MDM2 leads to high

accumulation of p53 both in early and late passage cells while downregulation of CHIP stabilizes p53 only in late passage
cells [38]

UBE4B, a mammalian homolog of the UFD2 protein of S. cerevisiae, is not only an E3 but also an E4, a protein that is in
some cases required to ensure the proper formation of the ubiquitin chain BY. UBE4B is especially expressed in neuronal
tissue and its genetic deletion leads to early embryonic death due to extensive apoptosis. Heterozygote mice survive but
develop a neurological disorder 1. p53 can be ubiquitinated and degraded by UBE4B alone. However, UBE4B also
interacts with MDM2 and the two proteins can form a ternary complex with p53 which boosts p53 polyubiquitination and
degradation tremendously in comparison to ubiquitination and degradation of the tumor suppressor protein in the
presence of the single E3 B2, |nterestingly, while p53 was observed to be primarily monoubiquitinated or multi-
monoubiquitinated by MDM2 in the absence of UBE4B, this was shifted to polyubiquitination in the presence of MDM2
and UBE4B. The increased polyubiquitination of p53 under these conditions was accompanied by a decrease in p53
levels and a decrease in transcription of the p53 target genes p21 and MDM2 2, Similar to MDM2-mediated degradation
of p53, UBE4B also enhanced p53 degradation mediated by PIRH2 and COP1 2. Surprisingly, a mutated form of UBE4B
that was unable to mediate p53 degradation was still able to reduce p53-dependent transactivation, suggesting that
UBE4B may use several ways to control p53 activity B2, UBE4B is a target gene of p53 and this negative feed-back loop
ensures low p53 levels 49, As UBE4B also binds to p53 phosphorylated at serine 15 and promotes its degradation, it is
most likely also involved in the shut-off of the DNA damage response 49,

1.3. E3s That Require Complex Formation

While most enzymes modify p53 as single enzymes or dimers, some E3s are higher order complexes. The best
characterized mammalian multi-subunit E3 is the SCF complex, a complex composed of 4 subunits, Skpl, Cull/Cdc53,
Rocl/Rbx1/Hrtl and an F-box protein. The F-box protein is responsible for substrate recognition and binding while the
entire complex provides the E3 activity [3. One of these F-box proteins is FBX042, also known as JFK (Jinfukang).
FBX042 is expressed in most human tissues with highest expression in heart and skeletal muscle B4, FBX042 is part of
an SCF complex and it requires this association to destabilize p53 4. The FBX042-containing SCF-complex inhibits p53-
dependent transcription, and FBXO42 depletion stabilizes p53, promotes apoptosis, induces cell cycle arrest and
sensitizes cells to ionizing radiation-induced cell death 4. Like most other F-box proteins, FBXO42 requires
phosphorylation of its substrate for full recognition B3], Therefore, p53 is only recognized as a substrate of FBXO42 upon
prior phosphorylation in its central domain, a modification that is implemented by CSN5, a COP9 signalosome-associated



kinase. Inhibition or knockdown of COP9 or CSN5 impairs FBX0O42-promoted p53 degradation resulting in enhanced p53-
dependent transcription, growth suppression, cell cycle arrest and apoptosis 2. Like most other E3s for p53, FBX042 is
transcriptionally activated by p53 and thus forms an auto-regulatory negative feedback loop with p53 2],

| 2. E3s That Mediate p53 Ubiquitination without Promoting Degradation

In addition to proteasome-mediated degradation, ubiquitination of p53 can also have other consequences. For instance, it
has been described that ubiquitination can promote nuclear export, stabilize the p53 protein or affect its transcriptional
activity even without modulating its abundance (Table 2, Figure 2). Occasionally, the same E3 can even do both, promote
p53 ubiquitination and its degradation and promote ubiquitination connected to other consequences. These sometimes
even opposing activities may depend on the level of the E3, on different ubiquitin-linkages, on post-translational
modifications of the E3, on the presence of other enzymes and on co-factors or on the cellular context in general.
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Figure 2. E3s that modify p53 without targeting it for degradation. A group of E3s including MDM2, MSL2, WWP1, CUL7,
UBC13 and E4F1 decorate p53 with ubiquitin leading to nuclear export, enhanced stability and/or enhanced or reduced
transcriptional stability. Ligases colored in red increase the individual activity of p53 and ligases shown in green reduce it.

Table 2. E3s that mediate p53 ubiquitination for other purposes than targeting the tumor suppressor protein for

degradation.
E3 Alias Type Impact on p53 References
Nuclear Transcriptional Protein
export activity stabilization
MDM2 Hdm2 RING v v [86](87]
MSL2 RNF184 RING v [88]
WWP1 AIP5 HECT v v v [89][90]
CUL7 KIAA0076 - v [91][92]
E4F1 E4F RING v [93]

The most prominent E3 that mediates p53 ubiquitination for other purposes than degradation is MDM2. MDM2 is able to
ubiquitinates six C-terminal lysine residues of p53 . While high levels of MDM2 or MDM2 together with an appropriate
E4 mediate p53 polyubiquitination and subsequent degradation, low levels of MDM2 promote monoubiquitination of p53
and this monoubiquitinated p53 accumulates in the cytoplasm. p53 was also cytoplasmic when it was monoubiquitinated
by genetic engineering, demonstrating that the modification of p53 is essential for its subcellular localization and not a
putative shuttle function of MDM2 B8l Ubiquitination of the six C-terminal lysine residues is essential for this process as
ubiquitination at these sites leads to the exposure of a nuclear export signal of p53 in the C-terminal part of the protein &2,
According to its increased cytoplasmic localization, the transcriptional activity of p53 is reduced when it is
monoubiquitinated. As a fraction of the cellular p53 protein typically localizes to the cytoplasm even under normal growth
conditions, it is possible that this share of the p53 protein is normally cytoplasmic because of its monoubiquitination due to
the usually low levels of MDM2 in unstressed cells 241251 This storage of p53 in the cytoplasm could serve as a rapid and
reversable mean for downregulating p53 function. Alternatively, it could provide a mechanism for shuttling p53 to the
cytoplasm where it can execute transcription-independent activities (e.g., activation of the mitochondrial cell death
program) when needed.

MSL2 (male-specific lethal 2) is a nuclear, RING-containing protein of the MSL complex 28, MSL2 was found to be
associated with endogenous p53 after overexpression of the E3 in U20S cells. MSL2 ubiquitinated p53 at lysine residues
K351 and K357 in a RING-dependent manner 8. After ubiquitination of these lysine residues, p53 accumulated in the
cytoplasm (Figure 2). The cytoplasmic translocation was prevented by the drug Leptomycin B, demonstrating an



involvement of the nuclear export machinery in the translocation process. Ubiquitination of p53 by MSL2 also occurred in
MDM2-negative cells and is thus independent of MDM2 [88]. Although the lysine residues that are ubiquitinated by MSL2
are different from the ones that are ubiquitinated by MDM2, they might contribute to the same mechanisms which is
alteration of p53 conformation and presentation of the nuclear export signal of p53 to the cellular export machinery. DNA
damage leads to a rapid increase in MSL2 levels which occurs already at 30 min after ionizing irradiation and appears to
be independent of p53 as there was no increase in MSL2 transcription 22, This increase in MSL2 protein after DNA
damage could contribute to an increase also of transcription-independent activities of p53 during the DNA damage
response.

Also, WWP1 (WW domain-containing E3 protein 1), an E3 that is particularly found at cellular endosomes, mediates p53
nuclear export and suppresses its transcriptional activity. WWP1 is a member of the NEDD4 subfamily of E3s 28, Like the
other members of this family, WWP1 contains an N-terminal C2 domain, four tandem WW domains and a C-terminal
catalytic HECT-domain. The C2 domain is a structural domain that is often found in proteins that bind phospholipids and
target proteins to cell membranes. The four WW-domains mediate protein-protein interactions and bind particularly well to
proline-rich polypeptides 2. The interaction of p53 and WWP1 has been found by searching for ubiquitin ligases that
associate with the proline-rich domain of p53. Later it turned out that not the proline-rich region, but the DNA binding
domain, is the primary site of interaction of p53 with the E3. Nevertheless, the proline-rich domain is important for this
interaction as its deletion weakens the interaction of p53 with WWPL1. Although all members of the WWP family possess
the proline-binding WW motif, WWP1 and to a lesser extend WWP2 are the only family members that associate with p53
[8999] \WwWP1 associates with p53 and ubiquitinates the tumor suppressor protein in a HECT-domain-dependent manner,
however, without targeting it for degradation. Instead, the p53 protein becomes even more stable. Ubiquitination of p53 by
WWPL1 is, however, modest in comparison to ubiquitination of p53 by MDM2. WWP1-mediated stabilization of p53 is
associated with an increase in cytoplasmic p53 and decreased transcription of p53 target genes (Figure 2). Knocking-
down WWP1 in hepatoma carcinoma cells resulted in reduced growth and increased apoptosis in the tumor cells 189,
Ubiquitination of p53 by WWPL1 is independent of MDM2 as it is also seen in in MDM2-knock-out cells. WWP1 is induced
after DNA damage at the mRNA level, however, while p53 stimulates expression of most of the E3s that modify it, it
reduces WWP1 expression and may thus not be involved in its induction after DNA damage (Chen et al.). [B[100]

Another E3 that modifies p53 without targeting it for degradation is CUL7 (Cullin7) . CUL7 is a member of the Cullin
protein family, a family of evolutionarily conserved proteins that bind to the RING protein ROCL1 (also known as RBX1,
HRT1 or Sagl), thus constituting a functional E3 194, The N-terminal region of the Cullin is responsible for substrate
recruitment while the C-terminal part interacts with ROC1. CUL7 is localized in the cytoplasm and binds directly to p53 211,
However, CUL7 neither affects p53 stability nor its subcellular localization, probably because it only mediates mono- or
diubiquitination of p53 that is not sufficient for targeting p53 for degradation (Figure 2) 2. Surprisingly, deletion of the
ROC1-hinding sequence did not alter CUL7-mediated p53 ubiquitination, implying that ROCL1 is not essential for this
process 22, Whether CUL7 associates with another E3 for ubiquitinating p53 remains to be determined. Co-expression of
CULY reduced p53-mediated transactivation and constitutive ectopic expression of CUL7 increased cell proliferation and
delayed an UV-induced G2 arrest in U20S cells but not in H1299 cells that do not express p53. Also, deletion of the N-
terminal domain of CUL7 or a mutation that disrupted p53 binding abolished the ability of CUL7 to enhance U20S cell
proliferation, indicating that this effect of CUL7 depends on p53 22, CUL7 is induced after DNA damage at the protein and
RNA level, which seems to be independent of p53 as it was also induced in p53-negative HCT116 cells and with the same
kinetics as in the corresponding wild-type cells 1921,

E4F1 was first identified as a cellular target of the viral oncoprotein E1A. Later it was found that it possesses E3 activity
towards itself and that it binds to p53 and induces p53-dependent cell cycle arrest 231931 These evidences raised the
intriguing possibility that E4F1 might also ubiquitinate p53 and regulate its activities. Indeed, E4F1 stimulated oligo-
ubiquitylation of p53 in the hinge region of p53 that contains a cluster of three lysine residues (K319, K320, K321).
Mutation of these sites rendered p53 insensitive towards E4F1-mediated ubiquitination 231, However, despite equipping
p53 with K48-linked ubiquitin chains, E4F-1-mediated ubiquitination did not increase p53 degradation. Instead, E4F1
overexpression induced a moderate, but reproducible, stabilization of p53 [23, This E4F1-modified p53 was predominantly
found at the chromatin where it stimulated transcription of growth arrest inducing genes while p53-dependent anti-
apoptotic activities were suppressed (Figure 2) [3],

| 3. E3s That Mediate Neddylation and Sumoylation of p53

In addition to ubiquitination, p53 can also be modified with NEDD8 (neural precursor cell expressed, developmentally
downregulated 8) and SUMO (small ubiquitin-like modifier) 1C4IL05][106] |n contrast to ubiquitination and neddylation,
where there is only one protein in cells that can be attached to a target protein (ubiquitin and NEDDS8 respectively), four



SUMO proteins are expressed in cells. SUMO1, SUMO2 and SUMO3 are widely expressed while the expression of
SUMO-4 is limited to certain organs 191, SUMOA4 furthermore contains a proline residue close to the diglycine motif,
which may prevent its processing 28l Since NEDD8 or SUMO compete with ubiquitin for the same lysine, these
modifications frequently lead to stabilization of the target protein. Like ubiquitination, the sumoylation and neddylation
processes include three steps. Prior to neddylation of a target protein, the NEDD8 precursor protein is activated by the
NEDDS8-specific E1, a heterodimer consisting of APP-BP1 (amyloid precursor protein binding protein 1) and UBA3
(ubiquitin-like modifier activating protein 3) in an ATP-dependent manner. The activated NEDD8 is loaded onto the
NEDD8-specific E2 UBC12. Finally, a NEDD8-specific E3 conjugates NEDDS8 to the target protein. Unlike ubiquitin,
NEDDS8 does not form chains 299, The process of sumoylation follows the same pattern. To start the reaction, the pro-
peptide of one of the SUMO proteins is processed to expose its C-terminal diglycine motif. This is usually performed by
one of several SENPs (Sentrin/SUMO-specific protease). The processed SUMO is then activated in an ATP-dependent
manner by a SUMO-activating enzyme, a heterodimer of SAE1 (SUMO-activating enzyme 1) and SAE2. In the next step,
the SUMO protein is loaded onto the SUMO conjugating enzyme UBC9 (ubiquitin-conjugating enzyme 9). Finally, a
SUMO E3 catalyzes the covalent attachment of SUMO to the target protein. In contrast to ubiquitination, sumoylation only
occurs when the target protein possesses a sumoylation consensus motif consisting of Q-K-X-E/D where  is any
hydrophobic amino acid, K is the lysine to be sumoylated, E is glutamic acid and D is aspartic acid 9. Several ligases
can modify p53 with NEDD8 and/or SUMO including MDM2, PIAS proteins, FBXO11, and TOPORS (Table 3, Figure 3).

‘ Transcriptional activity ]

v 3 o
:

3
S
>4

o SUMO-1
<

.;/)
%
7

37" Neddylation Sumoylation

A ‘o
-~ 2,
@ : - @

[ Stabilization} ( Localization }

Figure 3. E3s modify p53 with SUMO and NEDD8. FBOX11 modifies p53 with NEDD8 and E3s like TOPORS or proteins
of the PIAS family modify p53 with SUMO while MDM2 can modify p53 both with SUMO and NEDD8. These modifications
alter p53 stability, localization and transcriptional activity.

Table 3. E3s that mediate p53 sumoylation and/or neddylation.

E3s Type Sumoylation Neddylation Impact on p53 References
Protein Subcellular Transcriptional
stabilization Localization activity
MDM2 RING v Vv v v [105][106][111]
TOPORS RING v v v 112
PIAS-4 RING v Vv v (113111411151
FBXO11  F-Box v v v 116

MDM2 can actually decorate p53 with ubiquitin, as described above, as well as with NEDD8 and SUMO. Neddylation of
p53 requires a direct interaction of p53 with MDM2. It occurs at the C-terminal lysine residues K370, K372 and K373 and
is accompanied by a decrease in p53 activity 1981, Sumoylation of p53 by MDM2 employs SUMO 1 and SUMO2/3 and
occurs at lysine K386 within a SUMO consensus motif. Sumoylation even occurs to the conformational mutants p53R273H
and p53R17°H. As murine p53 lacks the consensus motif, this modification is not seen in mice 1931, While ubiquitination of
p53 by MDM2 can be reconstituted in vitro, this was not possible for sumoylation, implying that a particular subcellular
location or additional proteins are required 1921, Nevertheless, binding of p53 to MDM2 is required for sumoylation as
shown by a p53 mutant (p534Q 195) that cannot bind to MDM2 and that is poorly sumoylated 7. The sumoylation
activity of MDM2 is independent of the RING domain of MDM2 and stimulated by the presence of p14/p19”RF, the product
of the alternative reading frame of the INK4a/b locus 8 The nucleolar protein p14/p19°RF sequesters MDM2 in the
nucleolus and the targeting of MDM2 and p53 to the nucleolus seems to be important for MDM2-mediated sumoylation of
p53 119 Despite the importance of the nucleolar localization, an engineered p53 protein that was directly targeted to the
nucleolus showed only modest sumoylation. Co-transfection with p14/p19”RF, however, led to a strong increase in p53
sumoylation, suggesting that nucleolar targeting, the presence of MDM2 and p14/p19”RF are all required for efficient



sumoylation of p53 14 Mdm2-mediated sumoylation of p53 is also promoted by the ribosomal protein L11 193 while

there is large consent that p53 is sumoylated by MDM2, the reported functional consequences are contradictory. Some
researchers observed a modest increase in p53 activity after co-expression of p53, SUMO1 and UBC9 and a slightly
compromised pro-apoptotic activity after mutation of the SUMO consensus motif of p53 while such an increase in p53
activity was not seen by others 1111201 |nterestingly, p53 modified by SUMO2/3 was more efficient in activating the
synthetic PG13-promoter and the p21-promoter but not the BAX-promoter suggesting that sumoylation may regulate
transcription of only a subset of target genes 2%, This promoter-dependent behavior of p53 modified with SUMO2/3
could eventually provide an explanation for the contradictory results that have been obtained with p53 modified with
SUMOL. A similar debate is ongoing about the effect of sumoylation of p53 on its subnuclear localization. While Carter
and Vousden observed at least a partial increase in nuclear export of p53 that was sumoylated with SUMO1, Kwek and
co-workers found sumoylated p53 tightly bound to chromatin in the cell nucleus 129121 |nterestingly, modification of p53
with SUMO2/3 was increased after treatment of cells with H,O, and overexpression of SUMO2/3 promoted a premature
senescence phenotype that was reduced by downregulating p53. These results suggest that modification of p53 with
SUMO2/3 plays a role in the oxidative stress response and in the induction of senescence 122, As MDM2 is also an
important E3 for p53 ubiquitination and also mediates p53-neddylation, this raises the question how MDM2 can change
from a ubiquitin-specific E3 to an E3 for NEDD8 or SUMO. At least part of this promiscuous behavior of MDM2 lies in the
decoration of MDM2 itself with post-translational modifications. Phosphorylation of MDM2 at tyrosine Y281 and Y302 by
the SRC kinase leads to the recruitment of the NEDD8-specific E2 UBC12 and by this converts MDM2 from an E3 for
ubiquitin to an E3 for NEDDS8 [123],

Like MDM2, TOPORS not only modifies p53 with ubiquitin, but also with SUMO1. This modification is direct as it was
reproducible in an in vitro system. While the RING domain of TOPORS was obligatory for p53 ubiquitination, it was
optional for p53 sumoylation 112 Overexpression of TOPORS in Hela cells stimulated p53 sumoylation and was
accompanied by an increase in p53 protein level and activity. Like in the case of MDM2, the preference of the E3 for
SUMOL1 or ubiquitin was regulated by post-translational modifications of the E3. While phosphorylation of TOPORS by the

Polo-like kinase 1 (PIk1) enhanced p53 ubiquitination and degradation, it reduced TOPORS-mediated sumoylation of p53
[13),

A major family of E3s for p53 sumoylation is the PIAS family. All members of this family, PIAS 1, PIAS2, also known as
PIASX, PIAS3 and PIAS4, also known as PIASYy, interact with p53, stimulate SUMO conjugation to p53 in a reconstituted
in vitro system and increase the modification upon ectopic expression in vivo 1314 However, whether all family
members sumoylate p53 also at physiological expression levels remains to be determined. Nevertheless, for PIAS4 it has
been shown that the amount of sumoylated p53 is reduced in HEK293 cells upon its RNAi-mediated depletion 1131, As
some PIAS proteins are expressed in a tissue-specific manner, it is most likely that different PIAS proteins sumoylate p53
in distinct tissues. Not all PIAS proteins have been studied in detail for activities towards p53, but for PIAS4 it has been
shown that its overexpression correlates with activation of p53 target genes and induction of cellular senescence in
primary human fibroblasts 112, Since these effects depend on the ligase activity of PIAS4, it is tempting to conclude that
they are a direct consequence of p53 sumoylation, although this has not been formally demonstrated. Earlier data also
showed suppression of p53-mediated transcription of a p21-reporter and of endogenous p21 in the presence of PIAS4.
Also, for PIASL, it has been described that it can both, activate and repress p53-driven transcription [113][114)[124]
Eventually the SUMO system may convey promoter-specific effects, an idea that is supported by the observation that
PIAS4 affected p53-mediated expression of p21 but did not compromise BAX expression 123, Thus, PIAS family
members may be involved in differential regulation of selected p53 target genes.

FBXO11, a member of the F-box protein family and a component of the SCF ubiquitin ligase complex, was also found to
be a NEDDS8-E3 for p53. Although F-box proteins frequently mediate ubiquitination and degradation of their target
proteins, this is not the case for SCF-complexes containing FBXO11 and p53. Instead, FBXO11-containing SCF-
complexes attached NEDDS8 to p53 involving the lysine residues K320 and K321. This modification inhibited p53 activity
without altering its stability or subcellular localization (1161,

| 4. E3s That Act. on p53 without Modifying It

While most E3s control p53 abundance and/or activity by directly decorating the tumor suppressor protein with ubiquitin or
the related ubiquitin-like small modifiers, there are also some proteins with E3 activity that regulate p53 abundance and
activity by a different mode. One of these proteins is TRIM25. TRIM25 is an estrogen-inducible member of the TRIM-
family. As such, it has a RING domain and its ubiquitin ligase activity has been demonstrated by showing that it
ubiquitinates and degrades 14-3-3c 28], However, although TRIM25 physically interacts with p53, it does not mediate
p53 ubiquitination nor its modification with other ubiquitin-like small modifiers. Instead, TRIM25 leads to p53 stabilization



by reducing the interaction of MDM2 with p300, an E4 enzyme required for the formation of polyubiquitin chains on p53
1271 At the same time, TRIM25 inhibits the transcriptional activity of p53 by reducing the abundance of p300 and thus p53
acetylation 127,

PARC (p53-associated, Parkin-like cytoplasmic protein), also known as CUL9, an RBR-type E3, was identified during a
search for cytoplasmic binding partners for p53 [128]. RBR-type E3s have more recently been categorized as a new family
of E3s. They contain three highly conserved domains: Ringl, IBR (InBetweenRING) and RING2 and share common
features with the RING- and the HECT- domain ligases 229, PARC associates with p53 and the majority of cytoplasmic
p53 appears to be associated with PARC. However, PARC did not modify p53 228, Downregulation of PARC resulted in
enhanced nuclear localization of p53 and upregulation of p53-dependent apoptosis while overexpression of PARC
resulted in enhanced cytoplasmic sequestration of p53 [28] Deletion of PARC enhanced DNA damage, led to
spontaneous tumor development and accelerated Eu-Myc-induced lymphomagenesis L3031 |5 SK-N-AS
neuroblastoma cells, which respond badly to the genotoxic drug etoposide, enhanced deletion of PARC the response to
DNA damage 228 As PARC retains p53 in the cytoplasm, expression of the p53 target gene p21 was significantly
reduced, both under normal conditions and in response to DNA damage [131]

The PML (promyelocytic leukemia) protein, a tumor suppressor protein that is frequently implicated in leukemia, is best
known for its translocation with the retinoic acid receptor alpha (RARa) resulting in the PML-RARa protein, and for the
organization of PML nuclear bodies 1321331 pML physically interacts with p53 and enhances p53's proapoptotic and
transcriptional activity 134l Cells lacking PML showed a reduced propensity to undergo senescence or apoptosis in
response to p53 activation despite the induction of several p53 target genes 132, PML comes in several isoforms and at
least one of them (PML Ill) targets p53 into nuclear bodies 124, This colocalization of p53 and PML is enhanced in
response to DNA damage 234, PML is a p53 target gene and p53 stimulates PML induction in response to oncogenes

and after DNA damage 1351,
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