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Mouse double minute (Mdm) genes span an evolutionary timeframe from the ancient eukaryotic placozoa Trichoplax adhaerens
to Homo sapiens, implying a significant and possibly conserved cellular role throughout history. Maintenance of DNA integrity
and response to DNA damage involve many key regulatory pathways, including precise control over the tumour suppressor pro-
tein p53. In most vertebrates, degradation of p53 through proteasomal targeting is primarily mediated by heterodimers of Mdm2
and the Mdm2-related protein Mdm4 (also known as MdmX). Both Mdm2 and Mdm4 have p53-binding regions, acidic domains,
zinc fingers, and C-terminal RING domains that are conserved throughout evolution. Vertebrates typically have both Mdm2 and
Mdm4 genes, while analyses of sequenced genomes of invertebrate species have identified single Mdm genes, suggesting that a
duplication event occurred prior to emergence of jawless vertebrates about 550440 million years ago. The functional relationship
between Mdm and p53 in T. adhaerens, an organism that has existed for 1 billion years, implies that these two proteins have
evolved together to maintain a conserved and regulated function.
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The discovery of double minute genes

The Mdm2 gene, along with Mdm1, was first identified in a
screen for amplified genes in transformed BALB/c mouse
3T3DM cells to isolate factors associated with the appearance
of double minutes—small, acentromeric, extrachromosomal
nuclear bodies (Cahilly-Snyder et al., 1987), hence the name
‘mouse double minute’. Mdm3, co-amplified in 3T3DM cells,
was subsequently identified using chromosome walking from
Mdm?2, but because of its lack of tumourigenicity, was not fur-
ther investigated (Fakharzadeh et al., 1991). Mdm1 was eventu-
ally identified to be a microtubule-binding protein important in
regulating centriole duplication (Snyder et al., 1988; Van de
Mark et al., 2015), while Mdm2 became prominent with the dis-
coveries that Mdm2 associates with, inhibits, and mediates the
degradation of the tumour suppressor p53 (Momand et al.,
1992; Haupt et al., 1997; Honda et al., 1997; Kubbutat et al.,
1997), which by then was already recognized to play significant
roles in cancer. The paralogue Mdm4 (also called MdmX) was
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identified in a cDNA screen for p53 binding partners and was
named for its homology with Mdm2 (Shvarts et al., 1996).
Subsequent biochemical and genetic data defined the roles of
Mdm2 and Mdm4 in the inhibition of the tumour suppressive
functions of p53, as well as p53-independent mechanisms in
regulating genomic stability. Based on the similarities between
their major functions, sequences, and structures, Mdm2 and
Mdm4 became known as the Mdm2 family. Despite sharing simi-
lar names, Mdm1 and Mdm3 were excluded from the family due
to vast differences in sequence and function.

Following the discovery in mice, human orthologues to Mdm2
and Mdm4 were isolated and have been distinguished through-
out the literature by ‘HDM2’ or ‘HDM4’—human double minute
2 or 4. As this review attempts to explore the evolution of
Mdm2 and Mdm4, we shall use the generic ‘Mdm2’ or ‘Mdm4’
and differentiate among the species with adjectives, like ‘murine
Mdm2’ and ‘human Mdm2’.

Functions of Mdm2 and Mdm4

As a proto-oncogene, human Mdm2 is found amplified in 7%
of cancers, with higher incidences in soft tissue tumours, osteo-
sarcomas, and oesophageal carcinomas (Momand et al., 1998).
Human Mdmz2 transcript and protein levels are also found ele-
vated in other malignancies even without gene amplification, in
particular testicular and intracranial germ cell tumours,
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glioblastomas and astrocytomas, various forms of leukaemias,
and breast and colorectal carcinomas (Rayburn et al., 2005).

The most well-studied role of Mdm2 is to bind, inhibit, and
ubiquitinate the guardian of the genome p53, mediating its degrad-
ation by the 26S proteasome (Momand et al., 1992; Haupt et al.,
1997; Honda et al.,, 1997; Kubbutat et al.,, 1997; Hock and
Vousden, 2014). In response to cellular stress, such as oxidative
damage (Liu and Xu, 2011), radiation damage (Fei and El-Deiry,
2003), or hypoxia (Sermeus and Michiels, 2011), p53 is activated
by the respective damage sensors, becomes transcriptionally
active, and accumulates. Mdm2, being a transcriptional target of
p53 (Barak et al., 1993), is upregulated and regulates p53 levels
through its E3 ligase activity in ubiquitinating p53, mediating its
degradation. Mdm2 also auto-ubiquitinates, mediating its own pro-
teasomal degradation (Ranaweera and Yang, 2013). In non-
stressed cells, this feedback loop maintains a low level of Mdm2
and p53: the half-lives of the two proteins in unstressed cells are
<20 min (Stommel and Wahl, 2004). The presence of stress signals
the post-translational modification of either protein, inhibiting the
interaction between p53 and Mdm2, thus preventing the degrad-
ation of p53. This allows the accumulation of p53 to facilitate its
downstream functions, including cell cycle arrest or apoptosis
(Zilfou and Lowe, 2009).

Although Mdm2 primarily functions as an E3 ligase mediating
the transfer of ubiquitin to p53 or another Mdm2, its paralogue
Mdm4 functions differently in the negative regulation of p53, des-
pite being highly homologous. Like Mdm2, Mdm4 can bind to and
negatively regulate p53 (Shvarts et al., 1996). However, Mdm4 is
unable to function intrinsically as an E3 ubiquitin ligase, yet is
important for the effective degradation of p53—Mdm4 stabilises
Mdm2, and the ubiquitination of p53 is stimulated and enhanced
by the formation of the Mdm2/Mdm4 heterodimer (Gu et al., 2002;
Linares et al., 2003; Linke et al., 2008; Okamoto et al., 2009).
Unlike Mdm2, Mdm4 is not a canonical p53 target but is ubiqui-
tously expressed in the cytoplasm. In addition, Mdm4 lacks nuclear
localization or export sequences, and is dependent on Mdm2 for
nuclear translocation for p53 suppression (Migliorini et al., 2002).
Mdm4 is also ubiquitinated by Mdm2, and this degradation of
Mdm4 allows for p53 activity in response to cytotoxic stress (Pereg
et al., 2005; Jin et al., 2006).

Human Mdm4 overexpression is implicated in a number of
tumours, such as leukaemias, retinoblastomas, testicular cancers,
and melanomas (Laurie et al., 2006; Han et al., 2007; Koster et al.,
2011; Gembarska et al., 2012). Given the high prevalence of Mdm?2
and/or Mdm4 overexpression in a large proportion of cancers with
wild-type p53, targeting Mdm2 and Mdm4 represents a major strat-
egy in cancer therapeutics, emphasizing a greater need to deepen
our understanding of the p53-Mdm2-Mdm4 pathways.

The evolution of the domains of Mdm2 and Mdm4

Vertebrates carry both paralogues Mdm2 and Mdm4, but all
invertebrates characterized thus far only harbour a single Mdm.
The presence of the two paralogues in vertebrates has been
postulated to result from a duplication event more than 440 mil-
lion years ago in the Palaeozoic era, during which the common

ancestor of humans and zebrafish arose (Momand et al., 2011),
or possibly even earlier if the duplication event happened
around the period of vertebrate-invertebrate divergence ~550
million years ago (Smith and Keinath, 2015). The existence of
two Mdm genes in both jawless and jawed vertebrates indicates
that a duplication event possibly occurred in an ancestor prior
to the invertebrate/vertebrate split or occurred separately in
these two lines. Lamprey ‘Mdm4’ was labelled as such to differ-
entiate it from lamprey Mdm2, but it is truncated compared to
Mdm4 present in jawed vertebrates and thus could represent an
intermediary protein (Mehta et al., 2013; Coffill et al., 2016).

In this review, we studied the homology of the Mdm2 family of
21 metazoans, comprising 16 vertebrate species and 5 in-
vertebrate species (Supplementary Figure S1). The overall
homology of Mdm2 and Mdmé4 among mammals is high, with
at least 80% identity compared to the human orthologues
(Tables 1 and 2). Homology is reduced as the species further
diverge from humans, with avian Mdm2 and Mdm4 sharing 55%
—68% identity, amphibian Mdm2 and Mdm4 sharing 48% and
56%, and jawed fish Mdm2 and Mdmé4 sharing 40%—48% with
human Mdm2 and Mdmé4. In the lamprey, one of the most distant
vertebrates from humans, Mdm2 and Mdm4 share identities of
23% and 13%, respectively (Coffill et al., 2016). Among inverte-
brates, their single Mdm protein shares 18%—27% identity with
human Mdm2 or Mdm4, including Mdm found in the ancient
placozoa, arguably the simplest of all known animals and the
most evolutionary distant species of invertebrates. Overall, nei-
ther Mdm2 nor Mdm4 within the same species is more divergent
than the other—the evolutionary rates for both proteins are very
similar. Despite the low overall homologies, most functions of
Mdm2 and Mdm4 appear to be conserved, as evident in the com-
parison of homology among the different domains of the Mdm2
family (Tables 1 and 2) and through experimental analyses of pro-
teins produced from ancient organisms (Siau et al., 2016).

Two of the most important genetic models used in animal
biology, Drosophila melanogaster and Caenorhabditis elegans,
have lost the Mdm gene, and have evolved other strategies in
regulating their respective p53 proteins. This will be discussed
in a later section.

The Mdm2 family of genes is characterized by four main
domains: the N-terminal p53-binding domain, the central acidic
and zinc finger domains, and the C-terminal RING finger domain,
summarized in Supplementary Figure S2. Among the species
used in this review, it is clear that the defined domains of the
Mdm2 family are highly conserved, whereas the interdomain
regions exhibit more variability (Tables 1 and 2). Interestingly,
many post-translational modification sites exist within these
interdomain regions, and it is possible that the decreased hom-
ology reflects the complexity in the regulation of Mdm2 and
Mdm4 across species.

The RING finger domain

The RING finger domain consists of an octet of cysteines and
histidines that form a cross-brace to facilitate zinc coordination.
Unlike the typical C3HC4 or C4C4 zinc coordination, the cross-


http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjx002/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjx002/-/DC1

Mdm2 and Mdm4 in evolution | 5

Table 1 Percentage identity of the domains and interdomain regions of Mdm2 in various species compared to Homo sapiens Mdm2.

Mdm2 N-terminus  p53-binding  p53-binding—acidic  Acidic Zinc finger  Zinc—RING interdomain RING finger Overall % identity
domain interdomain region domain ___domain region domain

Vertebrates

H. sapiens

Pan troglodytes

Canis lupus familiaris

Felis catus

Bos taurus

Equus caballus

Heterocephalus glaber

Myotis brandtii

Mus musculus

Amazona aestiva

Gallus gallus

Xenopus tropicalis

Takifugu rubripes

Danio rerio

Callorhinchus milii

Lethenteron japonicum
Invertebrates

Ciona intestinalis

1. scapularis

Mytilus trossulus

Lottia gigantea

T. adhaerens

For invertebrate species, only one Mdm protein is present, and the numbers indicate the percentage identity between the single Mdm protein compared to H. sapiens
Mdm2. ‘NA’ indicates that no significant alignment could be obtained. The species in the table are arranged in increasing taxonomic distance from H. sapiens (updated
from Momand et al., 2011). The heat map represents the level of conservation across species for each region of Mdm?2.

Table 2 Percentage identity of the domains and interdomain regions of Mdm4 in various species compared to H. sapiens Mdm4.

Mdmé4 N-terminus  p53-binding  p53-binding—acidic Acidic Zinc finger  Zinc—RING RING finger  Overall % identity
domain interdomain region domain __ domain interdomain region domain

Vertebrates

H. sapiens

P. troglodytes

C. lupus familiaris

F. catus

B. taurus

E. caballus

H. glaber

M. brandltii

M. musculus

A. aestiva

G. gallus

X. tropicalis 74

T. rubripes 72

D. rerio 54 72

C. milii 50 72

L. japonicum _ 55
Invertebrates

C. intestinalis

I. scapularis

M. trossulus

L. gigantea

T. adhaerens

For invertebrate species, only one Mdm protein is present, and the numbers indicate the percentage identity between the single Mdm protein compared to H. sapiens
Mdma4. ‘NA’ indicates that no significant alignment could be obtained. The species in the table are arranged in increasing taxonomic distance from H. sapiens (updated
from Momand et al., 2011). The heat map represents the level of conservation across species for each region of Mdmaé.

brace motifs in Mdm2 and Mdm4 have a unique C2H2C4 structure,  of p53 via the recruitment of ubiquitin-loaded E2 (UbcH5B/C and
as depicted in Figure 1A (Kostic et al., 2006; Linke et al., 2008).  others) for the mediation of ubiquitin transfer to p53 (Saville
This atypical RING structure is conserved throughout metazoans et al.,, 2004; Hock and Vousden, 2014), and this function of
with known Mdm proteins (Figure 1B and C). In vertebrates, the ~ Mdm2 is well conserved in human, mouse, zebrafish (Momand
Mdm2 RING finger domain is responsible for the ubiquitination et al., 2011), and lamprey (Coffill et al., 2016).
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A
B Homo sapiens cvicacreknGgct vBl--6ekTGBMLMACFTCAKKLKKRNEKPCPVCRQ 100
Pan troglodytes cvicacRPKNGC I VHl--6KkTGHMLMACFTCAKKLKKRNKPCPVCRQ 100
Canis lupus familiaris CVICQGRFKNGCIV.--GKTG.LMACFTCAKKLKKRNKPCPVCRQ 100
Felis catus cvicacrrknNGc ! vVll- -ckTeBlLMACFTCAKKLKKRNKPCPVECRQ 100
Bos taurus cvicacRPKNGC I VIMl- -6 kTGHMLMACFTCAKKLKKRNKPCPVCRQ 100
Equus caballus cvicacRrRPrknGgc ! vll- -ckTcllLmAaCFETCcAKKLKKRNKPCPVCRQ 100
Heterocephalus glaber cvicacrrPknNGc! vll- -ckTcllLmMscFrTCAKKLKKRNKPCPVCRQ 98
T Myatis brandti cvicacRPKNGC I VHl- -6 kTGHMLMACFTCAKKLKKRNKPCPVCRQ 100
= [mus museutus cvicacRrRPkNGc I vVl- -ckTGlMlLmMSCFETCAKKLKKRNKPCPVCRQ 98
Amazona aestiva cvicasrRpPknNGecI vVll- -ckTcllumMscFrTCcARKLKKRNKPCPVCRQ 94
Gallus gallus cvicasrpknNGgcI vll- -ckTellumscFrTCcARKLKKRNKPCPVCRQ 94
Xenopus tropicalis cvicatTrRrknccl vill- -crRTGMlLmacYTCcAKKLKKRNKPCPVCRE 97
Takifugu rubripes ciLicasrpkncgect vll- -crTGllLIscYyvecaARKLKKRNKLCPVERM 77
Danio rerio cvicasRPKkNGCI VIl--6RTGHMLMACYTCAKKLKNRNKLCPVCRE 88
Callorhinchus milli cvicatTrRrknccl vll- -ckTcllLLacyTcaKKLKRRNKPCPLCRE 88
Lethenteron japonicum Cl 1 cCaQHEPRSCT I VH--GKTGHMLVTCYMCAKKLEKRRNEKPCPVCRS 69
Ciona intestinalis CNICRNNPNDATMVI--GNNGIQFCCFRCAKRLKRKGKSCPVCRQ 52
g Ixodes scapularis csmcLvRPRTAI Lol--ckTsBMrRrGCYRCSREKLLQQNKRCP I CRR 44
2 mytilus trossulus ccrcersrpkTast vll- -cctelavccyrecakRLKRLSKPCPLCRR 58
Lottia gigantea CVVCLSRPKTGSII.--GSSG.Q\:‘CCFKCAKQLKRKKKACPVCRR 58
Trichoplax adh cmicLseprrRsAas I IllineEci cllavccyNcaEKLRRRREKCP I CRR 44
v
C Homo saplens CSLCEKRPRDGNI IH- GRTG.LVTCFHCARRLKKAGASCPIC:K 100
Pan troglodytes cstcekrRPRDGNI IMl--crRTGHlLvTCFHCARRLKKAGASCP I CKK 100
Canis lupus familiaris cstceEkrRPROGNI Il- -crTGMlLvTcrrHecARRLKKAGASCP I CKK 100
Felis catus €S LCEKRPRDGN I IMl--6RTGHMLVTCFHCARRLKKAGASCP I CKK 100
Bos taurus cstcekrRPRNGNI Il--crRTGBMlLvTcErHCcARRLKKAGASCPI CKK 98
Equus caballus csLceEkRPROGN I Il- -crRTGMLVTCFHCARRLKKAGASCP I CKK 100
vHeremcepha.'usgfuber CSLCERRPRDGNII.--GRTS LIT|ITIC FHIC AR R|LIK|K|S|G|A|S'E P TICIQK 90
£ Myotis brandtii csvcekrRPrRDGNI IMl- -crRTsBlLvicracarRrRLKKTGASCPACKK 88
= [Mus muscutus csLtceEkrRPROGN I IMl--ckTsBlLrTcrucaARRLKKSGASCPACKK 90
Amazona aestiva CFLCHHRPRDGN I vll- -6 rRTABMlLVACFKCAKMLKKKRSPCPVCRK 63
Gallus gallus crLcHHRPRDGNI VIll- -crRTABMlLVACFKCAKMLEKKRRSPCPVCRK 63
Xenopus tropicalis crircarrRaRNGNVVIl- -crTAlLvTcrscarRNLKKNRKGCPVEQK 63
Takifugu rubripes ckLcrRVvRPRNGNI Il- -crTABlLLTCcFPCARRLHKFHAPCPGCGK 69
Danio rerio ckLcRVRPRNGNI IMl--crRTABMlLI TCFPCARKLHKFHAPCPGCGQ 58
Callorhinchus milli cLticevrRPRTGNI Il--rRkvmcllLvacyTcaksLYykRKkKMPCPVEYVQ 50
Lethenteron japonicum CLVCQHRFRSCTLVI——GETGILVTCCACAKKLKRRNEPCPACGR 40
Ciona intestinalis CNICRNNPNDATMV - - GNNG QF CCFRCAKRLKRKGEKSCPVCRQ 23
g Ixodes scapularis csMcLvRPRTAI LGH--ckTsBlrRFGCYRCSRKLLQQNKRCP I CRR 42
2 Mytilus trossulus ccicrsrRpPkTAs I vVll- -ccTelavccyrRecAKRLKRLSKPCPLCRR 42
Lottia gigantea CVVCLSRPKTGSII.--GSSG.QVCCFKCAKQLKRKKKACPVCRR 48
Trichoplax adhaerens CMICLSEPRSASIIllNEGIG.QVCCVNCAEKLRRRRKKCPICRR 45

Figure 1 The RING finger domains of Mdm2 and Mdm4. (A) The Mdm2/Mdmé4 RING finger
and C2), two histidines (H3 and H4) and four cysteines (C5-C8). Two zinc ions are bound in coordinate bonds (dotted lines) by half of the
motif (C1+C2+C5+C6 and H3+H4+C7+C8). (B) This C2H2C4 cross-brace motif is conserved in vertebrate Mdm2 and invertebrate Mdm. The
cysteine and histidine residues involved are numbered and highlighted in yellow and blue, respectively. (C) The blue arrowheads indicate
the asparagines (N448 in humans) that can be substituted to cysteines, as well as lysines (K478 in humans) to arginines, to make the
Mdmé4 functional E3 ligases. The residues highlighted in orange present in L. japonicum Mdm4 potentially make them functional E3 ligases.
The numbers on the right of the table indicate the percentage identity compared to H. sapiens Mdm2 or Mdmé4.

The RING finger domain of Mdm2 retains a high level of
homology among tetrapods, maintaining at least 94% identity
compared to human Mdm2 (Figure 1B). The homology between
human and jawed fish Mdm2 is moderately high as well, ranging
from 77% to 88%. Even the lamprey Mdm?2 exhibits a 69% identity

motif consists of an

octet of two cysteines (C1

with human Mdm2, suggesting a high level of conservation of E3
ligase function among vertebrates. Most strikingly, invertebrate
Mdm shows moderate homology with human Mdm2, and bio-
chemical assays have demonstrated that even placozoa Mdm
retains its inhibitory function on placozoa p53 (Siau et al., 2016),



despite a billion years of evolutionary distance between placozoa
and humans (Lane and Verma, 2012). Placozoa p53 is degraded
in an Mdm-dependent manner, and the degradation is abro-
gated by a mutation in the RING domain (Siau et al., 2016).
Furthermore, in those assays, placozoa Mdm RING domain has
sufficient homology to recruit mouse ubiquitin-conjugating E2
proteins (Saville et al., 2004; Hock and Vousden, 2014) to ubi-
quitinate placozoa p53 and lead to its degradation in a
proteasome-dependent manner. This level of conservation of
the RING finger domain highlights its importance in the nega-
tive regulation of p53 by ubiquitination and proteasomal deg-
radation throughout the evolution of metazoans.

The RING finger domain of Mdm4 in most vertebrates, how-
ever, is unable to function as an E3 ligase, although heterodi-
merization with Mdm2 enhances the polyubiquitination of p53,
Mdm2, or Mdm4 (Linares et al.,, 2003; Linke et al.,, 2008;
Okamoto et al., 2009). Mutational studies have demonstrated
that converting asparagine 448 of Mdm4 (human numbering) to
cysteine can restore its E3 ubiquitin ligase activity in vitro,
although further modifications of other domains are required to
restore full E3 ligase activity in cellular assays (lyappan et al.,
2010). Interestingly, the lamprey Mdm4 has two of these resi-
dues (€237 and R269, Figure 1C), and indeed lamprey Mdm4
destabilized lamprey p53 in p53~/"Mdm2~/~ mouse embryonic
fibroblasts (Coffill et al., 2016). Conversely, the analogous cyst-
eine residue in invertebrate Mdm is absent, yet placozoa Mdm
still retains its E3 ligase function (Siau et al., 2016).

The p53-binding domain

Following the RING finger domain, the p53-binding domains of
Mdm2 and Mdm4 are the next most conserved among metazo-
ans. This region interfaces with the transactivation domain of
p53 (residues 15—29, human numbering), in particular F19, W23,
and L26, which are the critical residues for Mdm2 interaction and
have been exploited to develop antagonists against Mdm2 and/
or Mdm4 (Kussie et al., 1996; Chéne, 2004; Pazgier et al., 2009;
Brown et al., 2013; Chang et al., 2013; Tan et al., 2015). This
region in p53 is highly conserved, thus it is unsurprising that the
corresponding regions in Mdm2 and Mdm4 are similarly highly
conserved throughout evolution (Coffill et al., 2016; Siau et al.,
2016). Thirteen residues on the corresponding interaction sur-
faces of Mdm2 and Mdm4 have also been identified to form the
hydrophobic cleft in which p53 binds (Chéne, 2004; Toledo and
Wahl, 2007), and a number of these residues are highly con-
served in evolution (Figure 2A and B).

Among vertebrate Mdm2, the 13 amino acids that form the
hydrophobic cleft are largely conserved, and substitution of
these residues throughout vertebrate evolution involves mostly
hydrophobic amino acids. The exception is lamprey Mdm2,
where a charged lysine at codon 53 and a small glycine at codon
95 are in place of the consensus methionine and tyrosine,
respectively (Figure 2A, blue highlights). In vertebrate Mdm4,
the homologous 13 residues are also conserved in terms of their
physical properties, except lamprey Mdm4, where lysine 57 takes
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the place of the consensus methionine, leucine 67 replacing a
polar glutamine, polar serine 94 replacing hydrophobic leucine,
and the substitution of proline 95 for the consensus tyrosine
(Figure 2B, blue highlights). Remarkably, the interaction between
p53 and Mdm2 is sufficiently conserved that human p53 has
been shown to interact with lamprey Mdm2. Furthermore, the
interactions between lamprey p53 and lamprey Mdm2 and
between human p53 and lamprey Mdm2 can be disrupted by
Staplin (PM2), a stapled peptide antagonist based on the human
p53 transactivation domain (Brown et al., 2013; Tan et al., 2015;
Coffill et al., 2016).

For invertebrate Mdm, 2-4 of the 13 hydrophobic residues,
compared to either vertebrate Mdm2 or Mdm4, have been
replaced with polar, charged, or small amino acids. Nonetheless,
placozoa Mdm can interact with placozoa p53 and human p53,
albeit weakly, while human Mdm2 binds strongly with placozoa
p53 (Siau et al., 2016). In those assays, Staplin-2 (MO11), a
modified version of Staplin with a chlorinated tryptophan (Brown
et al., 2013; Tan et al., 2015), can disrupt the interactions of
placozoa p53 with either placozoa Mdm or human Mdm2, while
Staplin can only disrupt the interaction between placozoa p53
and human Mdm2 but not between placozoa p53 and placozoa
Mdm. These experiments demonstrate a high level of conserva-
tion within the p53-binding domains among vertebrate and inver-
tebrate Mdm2 family members, even as p53, Mdm2, and Mdm4
co-evolved.

The acidic and zinc finger domains

The central region of Mdm2 and Mdm4 contains the acidic
domain and the zinc finger domain. As the name suggests, the
acidic domain is a partially unstructured region rich in acidic
residues, resulting in isoelectric points (pl) ranging from 2.8 to
3.6 for this section of the protein. Adjacent to the acidic domain
is a C4 zinc finger domain. Unlike the p53-binding and RING fin-
ger domains, the acidic and zinc finger domains are not as
highly conserved (Tables 1 and 2). Together, the acidic and zinc
finger domains form binding sites for a number of regulatory
proteins, including p300 (Grossman et al., 1998; Sabbatini and
McCormick, 2002), YY1 (Gronroos et al., 2004; Sui et al., 2004),
ARF (Kamijo et al.,, 1998; Jackson et al.,, 2001), and PML
(Bernardi et al., 2004). Deletions within the acidic domain of
Mdm?2 result in the deregulation of p53 degradation (Dolezelova
et al., 2012; Leslie et al., 2015). Unfortunately, many of these
studies involve human and murine Mdm2 and Mdma4, thus the
lack of comparative functional data across multiple species
make it difficult to discern the evolution of the acidic and zinc
finger domains.

The acidic and zinc finger domains are implicated in interac-
tions with ribosomal proteins (RPs), a highly conserved function
of Mdm2 and Mdm4 that has been investigated across species
(Zheng et al., 2015). Over the past decade, numerous higher
eukaryote RPs have been implicated in the regulation of tumouri-
genesis, immune signalling, development, and disease (Zhou
et al., 2015). At least 17 mammalian RPs have been implicated in
tumour suppression through activation of p53. The majority of
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A Homo sapiens LFYLGQY IMTKRLYDEKQQHIVYCSNDLLGDLFGVPSFSVKEHR - - - K1 ===« -- YTMI 100
Pan troglodytes LFYLGOQYIMTKRLYDEKQQHIVYCSNDLLGDLFGVPSFSVEKEHR ----KI -+« -=---- YTMI 100
Canis lupus familiaris 1 FYLIGQY IIMT KR/ L YD EKOGQQH| IMYCSND|LLGDLFG|VPSFSVEKEHR|-|l--|-KI-{<-i-<|<{|=|<|=|=|<|=]-]|-|- YTMI 98
Felis catus 1 FlYILIGQ Y I MT KR|L YDEKQQH IMYICSND|LLGDLFGVPSFSVEKEHR|-[-|-|-KI=[==i=|=|=[=|=|=|=|=|=|=|=]|=] YTMI 98
Bos taurus IFYLGQY I MTKRLYDEKQQHIVYCSNDLLGDLFGVPSFSVKEHR - SleKIl = =l=lmlm|alela]=|a]a|=|=l=]=]= YTMI 98
Equus caballus IFYLGQY IMTKRLYDEKQQHIVYCSNDLLGDLFGVPSFSVKEHR - = KI = ==t ===t =l = ==l =] === =] YTMI 98
Heterocephalus glaber IFYLGQY IMTKRLYDEKQQHIVYCSNDLLGDLFGVPSFSVKEHR - - --KI-----=----------- YTMI 98
?E‘Myoﬁsbrandtii IFYLGQY IMKKRLYDEKAQQH/IVYCSNDLLGDLFGVPSFSVEKEHR -+ -«KI-=--«««=-=--«-+«-=4=4- YTMI 96
gMusmuscw‘us IFYIGQY I MTKRLYDEKQQHIVYCSNDLLGDVFGVPSFSVKEHR ----KI1 ===« oo n.- YAMI ao
Amazona oestiva I/FYLIGQY IMSKQL YDEKQQH|IMHCANDLILIGDLFGVTSFSVEKEHR|---[-RL=[=-==«|=|«[=|=|=|-|-|-~ YSMI 85
Gallus gallus IFYLGQY IMSKQLYDEKEQHIVHCANDLLGDLFGVTSFSVKEHR) - R I I I I I R YSMI 83
Xenopus tropicalis IYHLGQY IMAKQLYDEKQQHIVHCSNDPLGELFGVQEFSVKEPR - =|=[RILL -} =f=1=1=1=1=1-|-1-1-]-1-1-]-]- YAMI 75
Takifugu rubripes MFYLGQY I 1QKQLYDQKQQHIVHCSHDELGRVLGVDSFSVKEPR ----VL----/------------ FAMI 71
Danio rerio MFYLGKY I IMSKELYDKQQQHIVHCGEDPLGAVLGVEKSFSVEKEPR - ---AL-/c«-ceeeeaaaanan-- FALI 67
Callorhinchus milli MYYLGQY IMAKHLYDEKQQHVVHCSDNPLGRLFGVQSFSIKEPR ----TL--=-=--/-=--+-=------- YTML 67
Lethenteron japonicum |HHLGQ\’IITKQLYDKQRQHIVHCKGDFLGEVFGVESFSLKEPSSSSGSV ———————————————— IALL 58
Ciona intestinalis VLFLGKY I TKKLFNPSN'HL\RCKNDLLGEVFKTSHFTVTDFK----DL ---------------- WKILL 35
Efxodesscapularis LGHLKS\‘ILERQLFUPKDIKMVLCANDKLGKVFGVEQFLAEEVKLQACFW ---------- DAGLWL.GFI 33
gMyﬁ.‘us:mssu_lus ISVLKDYIISRQ[VNPNDISIVFCKKDPLGKVFGVDKFTFTEAT7r77KLIDANCDQLPDSCT\:‘KKIQLV 48
Lottia gigantea IQVLKDYI.GRKLVDPTDIRIVYCDNDFLEKAFNVTKFTI.DNVMfrffDLINKNVSLVFDTCiKRMIO.MV 40
Trichoplax adhaerens meveioy i EsacineirllovvockenrLEKLLSCDQFPVAN- - - - - - TNEEEEEEEEEEEBEAE WDRL NA
B Homo sapiens MHYLGQY IMVKQLYDQQEQHMVYCGGDLLGELLGRQSFSVKDPSPLYDML 100
Pan troglodytes MHYLGQY IMVKQLYDQQEQHMVYCGGDLLGELLGRQSFSVKDPSPLYDML 100
Canis lupus familiaris MHYLGQY IMVKQLYDQQEQHMVYCGGDLLGELLGRQSFSVKDPSPLYDML 100
Felis catus MHYLGQY IMVKQLYDQQEQHMVYCGGDLLGELLGRQSFSVKDPSPLYDML 100
Bos taurus MHYLGQY I IMVKQLYDQQEQHMVYCGGDLLGELLGRQSFSVKDPSPLYDML 100
Equus caballus MHYLGQY IMVKQLYDQQEQHMVYCGGDLLGELLGRQSFSVKDPSPLYDML 100
Heterocephalus glaber MHYLGQY IMVKQLYDPREQHMVYCGGDVLGELLGRQSFSVKDPSPLYDML 96
EMyon‘sbrandtii MHFLGQY I TMKQLYDPREQHMVYCSGDLLGELLGCQSFSVKDPSPLYAML 85
gMusmuscufus MHYLGQY IMVKQLYDQQEQHMVYCGGDLLGDLLGCQSFSVKDPSPLYDML 96
Amazona oestiva MHYLGQY I IMVRQLYDKRQQHMVYCGKDQLGELLGLESFSVKDPSPVYEML 81
Gallus gallus MHYLGQY I MVRQLYDKRQQHMVYCGGDQLGELLGLESFSVKDPSPVYEML 83
Xenopus tropicalis - - - - - - - MVKELYDKQQQHIVHCGSDELGKLLGITTFSVKDPRPLYDML 74
Takifugu rubripes MHYLGQY IMGKQLYDKQRQHIVHCQOQDDPLGELLEVESFSVKNPSPVYEML 72
Danio rerio MHYLGQY I IMMKQLYDKQRQHIVHCHDDPLGELLEVGSFSVKNPSPVYEML 72
Callorhinchus milli MHYLGQY IMLKQLYDKQQQHIVYCGNDPLGKVFGVESFSVKVPSQLYEML 72
Lethenteron japonicum FHHLGGYIITKQ[VDKRRIHIVHCKGDPLGELFGVESFSLKEPSS“KSL 55
Ciona intestinalis VLFLGKY I TKKLFNPSNBMRLIRCKNDLLGEVFKTSHFTVTDFKDLWKLL 11
Ixodes scopularis '—HLKSYILERQLFDPKDIKMVLCANDKLGKVFGVEQFLAEE ———————— 28
S Mytilus trossulus BsvikoviBsraLvynpnosivickkoriokvrGgvDkrTFTEATKLIDAM 10
Lottia gigantea IQYLKD\‘IIGRKL\‘DPTDIRIVYCDNDPLEKAFNVTKFTLDN---VMDLI 30
Trichoplax adhaerens MEYLlDYIISRKL.NPLRADVVDCKGDPLEKLLSCDQFPUAN---LWDRL 13

Figure 2 Alignments of the p53-binding domains of Mdm2 and Mdm4. (A) The residues in red form the hydrophobic cleft in which an « helix
from the p53 transactivation domain binds to Mdm2, while the residues highlighted in yellow represent the genetically determined amino
acids that are crucial in p53 interaction. The blue highlight indicates amino acids that differ in physical properties from the consensus, for
instance a charged lysine in place of a hydrophobic methionine. (B) The homologous residues on Mdmé4 are similarly highlighted. The num-
bers on the right of the table indicate the percentage identity compared to H. sapiens Mdm2 or Mdm4.

these have been shown to directly bind to and inhibit Mdm2
function, with a subset also binding to Mdm4 (Zhou et al., 2015;
He et al., 2016). Numerous lines of evidence including mouse
models highlight the key roles of RPL11/uL11 and RPL5/uL5 as
transducers coupling impaired ribosome biogenesis/nucleolar
stress to p53 activation (Macias et al., 2010; Bursac et al.,
2012; Liu et al., 2016; Nicolas et al., 2016). Together with 5S
rRNA, these form a ribosomal sub-complex (55 RNP) capable of
sequestering Mdm2 (Horn and Vousden, 2008; Donati et al.,
2013; Sloan et al., 2013). The complex ribosome structure and
its primary protein translation function are conserved through-
out evolution (Fox, 2010; Ramakrishnan, 2014). It is, therefore,
highly likely that extra-ribosomal functionality can be attributed
to RPs from divergent species. Human RPL11 has been shown
to interact with lamprey Mdm2 both in vitro and in a

heterologous cell line (Coffill et al., 2016). Similar results were
obtained for the placozoan Mdm (Siau et al., 2016). Given the
high sequence homology between human RPL11 and lamprey/
placozoan RPL11 (>94%; Mehta et al., 2013), it is highly likely
that this interaction prevails in these organisms. Furthermore,
amino acids in the Mdm2 acid and zinc finger domains that
form critical contacts with RPL11 (Zheng et al., 2015) are highly
conserved in placozoan Mdm and lamprey Mdm2. Orthologues
of the RPL11 inhibitor oncoprotein PICT1/GLTSCR2 (Sasaki
et al., 2011) are also present in these extant organisms, again
suggesting evolutionary conservation of the RPL11-Mdm2
interaction.

Whilst RPL11 interacts with Mdm2 and placozoan Mdm, it
does not bind to Mdm4 (Gilkes et al., 2006). These functional
similarities between Mdm2 and placozoan Mdm (which also



displays p53-specific E3 ubiquitin ligase activity) suggest that
the ancestral Mdm gene that underwent duplication 550-440
million years ago (Momand et al., 2011; Smith and Keinath,
2015; Coffill et al., 2016) was more Mdm?2-like, and the dupli-
cated Mdm4 evolved to lose its E3 ligase function. This may
have occurred to prevent over-inhibition of p53 and enable stric-
ter regulation co-dependent on Mdm2 and Mdm4. Functional
characterization of singleton Mdm genes identified in other
invertebrates is necessary to confirm this.

Human RPL5 did not interact with either placozoan Mdm or
lamprey Mdm2, although this may be due to its lower sequence
homology with the RPL5 proteins found in these organisms
(60% and 80%, respectively). Further experiments with the
endogenous proteins will shed light on the roles of RPL5 and
ribosomal sub-complexes regulating Mdm2 function.

Mdm4 auto-inhibitory sequence

It was reported that the N-terminal domain of Mdm4 alone
has a binding affinity to p53 transactivation domain ~100 times
stronger than full-length Mdm4, and this has been attributed to
the presence of an auto-inhibitory sequence element within full-
length Mdm4 (Bista et al., 2013). This so-called WWW element
is within amino acids 190-210 in human Mdm4, centred around
tryptophans 200 and 201, and is surprisingly highly conserved
(Supplementary Figure S3) among jawed vertebrates. No corre-
sponding region is present in Mdm2, nor is it found in lamprey
Mdm4, suggesting that this is a divergence in Mdm2 and Mdm4
function following duplication of the Mdm gene. Investigations
into lamprey Mdm4 would yield greater insights into the roles of
this region in the dampening of Mdm4-mediated inhibition of
p53.

The role of Mdm2 and Mdm4 through evolution—insights from
in vivo models

Research involving genetic models has provided significant
insights into the evolution of Mdm2 and Mdm4 function, and
more recent experiments with knock-in models have allowed
more precise dissection of the roles Mdm2 and Mdm4 play in
the regulation of p53 pathway and the impact of tissue specifi-
city on tumour spectrum. The range and depth of experiments
with knock-in and knock-out mouse models are too numerous
and extensive to be compiled within this review, and only a
selection is described to illustrate the similarities and differ-
ences between the different model organisms studied.

The related p53 family members p63 and p73 play important
roles in development (Moll and Slade, 2004) and can interact
with Mdm2 and/or Mdm4 (Wang et al., 2001; Zdzalik et al.,
2010; Tashakori et al.,, 2016). p63 and p73 degradation by
Mdm2 are respectively co-mediated by the Fbw7 and Itch E3
ubiquitin ligases (Galli et al., 2010; Wu and Leng, 2015).
Putative orthologues of these can be found in the Trichoplax
genome, suggesting a distant evolutionary conservation of func-
tion that requires experimental validation. Furthermore, Mdm2
and Mdm4 have been reported to have p53-independent roles
(Melo and Eischen, 2012; Li and Lozano, 2013; Carrillo et al.,
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2015). Here, we shall focus on the regulation of p53 by the
Mdm2 family.

Insights from mouse models

The most incontrovertible finding obtained from the mouse
models is that Mdm2 and Mdm4 are the key regulators of p53.
Mdm2 knock-out in mice is embryonic lethal and embryos die at
3.5 days post-coitum (dpc) prior to implantation due to activa-
tion of p53-dependent apoptosis, and this embryonic lethality
can be rescued by the concomitant deletion of the Trp53 gene
(Jones et al., 1995; Montes de Oca Luna et al.,, 1995). Mdm4
knock-out is similarly lethal for embryos, but embryos fail to
progress in development due to a failure of cells to proliferate
7.5-8.5 dpc (Parant et al.,, 2001). Similarly, the loss of Trp53
rescues Mdmé4-null embryos from lethality. While Mdm2 and
Mdm4 are close paralogues, Mdm2 does not complement the
loss of Mdm4 and vice versa, suggesting that both Mdm2 and
Mdm4 require the other for optimal p53 degradation and regula-
tion, in addition to less well-understood or studied independent
roles.

Experiments in mice have also revealed that the levels of p53
and Mdm?2 are critically controlled. While hemizygous Mdm2+!=
mice are normal under homoeostatic conditions, they are more
sensitive to ionizing radiation (IR) compared to wild-type ani-
mals. Earlier lethality brought upon hemizygous Mdm4*'~ mice
revealed that they were even more radiosensitive than Mdm?2
hemizygotes (Terzian et al., 2007). Expectedly, these instances
of IR-induced lethality are dependent on p53 activity.

Double heterozygotes (Mdm2*/~Mdm4*/7) are not viable, as
they are anaemic and smaller than wild-type embryos. In add-
ition, the embryos that survive to 20 dpc suffer from neural and
other developmental defects, in addition to a general depletion
of all blood cell types (Terzian et al., 2007). Interestingly, the
loss of a single copy of Trp53 can rescue the defects of
the Mdm2*/~Mdm4*'/~ double heterozygotes, highlighting the
importance of stoichiometry and gene dosage in the p53
pathway.

The proto-oncogene human Mdm2 is highly amplified in sar-
comas and is overexpressed in a diverse range of cancers.
Likewise, overexpression of Mdm2 leads to increased chromo-
somal instability and enhanced tumourigenesis in mice (Jones
et al., 1998; Lushnikova et al., 2011). Mice with an extra copy of
Mdm2 under its native promoter show increased incidences of
sarcoma in the presence or absence of functional p53, pointing
to a p53-independent role for Mdm2 in tumourigenesis. The
development of additional sophisticated models that allowed
more precise manipulation of Mdm2 levels in vivo has deepened
our understanding into how subtle increases in Mdm2 expres-
sion can have profound impact in the rates of tumourigenesis.
For instance, analysis of human tumours that have elevated
levels of Mdm?2 revealed that a single nucleotide polymorphism,
SNP309, found in the HDM2 promoter increases the transcrip-
tion and translation of the protein. This leads to attenuation of
the p53 pathway and increased incidences of tumourigenesis
(Bond et al., 2004). These findings were subsequently verified
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by experiments with knock-in models comparing murine Mdm2
(SNP309G) with Mdm2 (SNP309T) (Post et al., 2010). The Mdm2
(SNP309G/G) allele had increased the risk of tumourigenesis
and altered tumour spectrum in mice with a p53 hotspot muta-
tion. More recent work that varied murine Mdm2 levels in a
Trp537 background allowed the deconvolution of tissue specifi-
city and activity to reveal abnormalities in skin pigmentation
and in reproductive tissue architecture that resulted in lower
fertility (Pant et al., 2016).

Insights from zebrafish models

Mdm?2 in zebrafish is expressed in the developing embryo in
brain, somites, and the migrating posterior lateral line (Thisse
et al., 2000). Just like the other vertebrates, no other homo-
logue other than Mdm2 and Mdm4 has been found in the
assembled zebrafish genome (GRCz10).

Our laboratory exploited the development of genome editing
tools to generate mutations within the zebrafish mdm2 and
mdmé4 genes (Chua et al., 2015). We created mutants that con-
tain small insertions or deletions within the coding region of
mdm?2 and mdm#4 that result in frame-shifts and the introduction
of premature stop codons to produce severely truncated forms
of Mdm2 and Mdm4 proteins (Chua et al., 2015).

The p53-regulatory functions of Mdm?2 is conserved in mouse
and zebrafish; the loss of mdm2 (in A5, +2, and +4 mutants)

A
Wild-type (male)

Wild-type (female)

Mdm27-
B Skin
Mdm2” ssammTEE
p5 gM214K/M214K £ "
Mdm2-
P 5 3 +/+

resulted in embryonic lethality arising from the unchecked accu-
mulation of p53 protein, which triggered apoptosis in the devel-
oping embryos. These embryos did not survive beyond 3 days
post-fertilization. The deficiency in Mdm2 can be rescued by a
single missense mutation that inactivates p53 transcriptional
activity (Guo et al., 2013; Chua et al., 2015).

In sharp contrast, the loss of mdm4 in zebrafish did not result
in embryonic lethality as observed in mice (Chua et al., 2015).
It also did not lead to the accumulation of p53 or growth arrest
(our unpublished data). Furthermore, homozygous mdm4 mutants
were physically indistinguishable from wild-type embryos.
However, we observed that their fecundity reduced with age
more rapidly than wild-type, although this needs to be more
thoroughly investigated.

Gene-specific morpholino oligonucleotides (MO) are com-
monly injected into zebrafish embryos to transiently suppress
gene expression (Nasevicius and Ekker, 2000). The transient
knockdown of tp53 by MO in mdm2~/~ embryos rescued embry-
onic lethality (Chua et al.,, 2015) and allowed their survival
beyond their expected lifespan of 3 days (Supplementary
Figure S4). We were further surprised that these mdm2~"~ fish,
which still possess wild-type p53, could grow into adulthood
(beyond 3 months) (Figure 3A and unpublished data). These
morphants are smaller than wild-type fish and lack testes or
ovaries, suggesting that these fish are sterile; there have not

Figure 3 mdm2 knockout in p53-morphant zebrafish is not embryonic lethal if tp53 is temporarily repressed during embryogenesis.
(A) mdm2~" fish grow to adulthood, albeit physically smaller, and lack developed reproductive organs. (B) Immunohistochemical staining
reveals that wild-type p53 does not accumulate in mdm2~~ adult fish while, in contrast, mutant p53 protein is stabilized in mdm2~"

p53M214KM/1214K fish.
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been any successful matings between these morphants.
Immunohistochemical analyses of these adult mdm2~/~ fish
demonstrated that they did not spontaneously accumulate p53
in any of the tissues examined (Figure 3B). These fascinating
observations suggest that Mdm2 plays a critical role in control-
ling p53 activity during embryogenesis, but beyond a certain
point during development, the Mdm2-mediated control on p53
can be alleviated without life-threatening consequences to the
animal. It would be interesting to temporally silence p53 dur-
ing/after embryogenesis in Mdm2~"~ mice to test if this phe-
nomenon is reproducible.

Mdm?2 absent in fruit flies and nematodes but present in some
other invertebrates

The absence of Mdm2 homologues in fruit fly D. melanogaster
and nematode C. elegans prompted the postulation that inverte-
brates do not possess Mdm2. This was shown otherwise with
the discovery of Mdm genes in organisms such as the placozoan
Trichoplax adhaerens and the deer tick Ixodes scapularis (Lane
et al., 2010a, b). Although orthologues for the Mdm2 family are
absent in fruit flies and nematodes, functional homologues can
still provide similar roles in regulating p53. For instance, while
Drosophila may not possess an Mdm orthologue, Dm-p53 pro-
tein levels are negatively regulated by the gene product of com-
panion of reaper (Corp) (Chakraborty et al.,, 2015). Corp does
not appear to have a readily identifiable orthologue within ver-
tebrates and it may represent a protein that acquired a p53-
modulating function if the Mdm gene was lost from the genome
of an ancestor of fruit flies. BLAST analysis of reference pro-
teomes for Corp orthologues revealed an uncharacterized pro-
tein with 24% identity in the parasitic nematode Thelazia
callipaeda, and this may be a possible orthologue of human
WBP11, a protein involved in DNA damage-responsive mRNA
splicing. Advancements in the application of CRISPR technology
in gene editing would allow the investigation of the roles of
Mdm orthologues in more primitive organisms like Ixodes or
Trichoplax, to determine how the functions of the Mdm2 family
evolved, and to explore how proteins such as Corp and WBP11
may play a role in organisms that possess p53 but lack Mdm.

Insights from viruses

The p53-binding domains of Mdm2 and Mdm4 are also found
within proteins forming the ‘B’ complex of SWI/SNF (SWIB), and
these domains can be found in many diverse organisms
(Bennett-Lovsey et al., 2002). The SWI/SNF family of complexes
was first identified in yeast, functioning to remodel chromatin
and aid transcription in an ATP-dependent manner (Winston and
Carlson, 1992). The mammalian BAF60 (BRG1-associated factor)
family members represent a similar chromatin-remodelling com-
plex including SWIB (Wang et al., 1996; Nomoto et al., 1997;
Bennett-Lovsey et al., 2002) and have been shown to interact
with p53, p63, and p73 (Lunardi et al., 2010). SWIB domain pro-
teins have been found in phycodnaviruses, while SWI2/SNF2
ATPases and other chromatin-remodelling enzymes have
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orthologues that are present across a number of lineages of
dsDNA viruses (de Souza et al., 2010).

Viral integration into host genomes and resulting mobile gen-
omic elements are assisted by chromosomal remodelling, and
the restriction of this through p53 may represent an ancient
function (Leonova et al., 2013; Levine et al., 2016; Wylie et al.,
2016). Retroviruses rely on integrating their DNA into the host
genome and thus benefit from an environment in which DNA
repair is hampered and p53 function is moderated. Indeed, the
binding of viral proteins to p53 led to the discovery of this
important tumour suppressor (Kress et al.,, 1979; Lane and
Crawford, 1979; Linzer and Levine, 1979). Thus, it seems plaus-
ible that domains of Mdm2 and Mdm4 important for decreased
p53 function may have been present in viruses and ancient
organisms.

Although adenovirus E1B-55 K does not have a readily identi-
fiable SWIB domain, it does bind to the same or very similar
binding site within the N-terminus of p53 (Lin et al., 1994). E1B-
55 K and its viral partner E4orf6 function together as an E3 lig-
ase with host proteins Cullin-2/5, RING-box1, and elongins to
lead to the degradation of p53 and the MRE11-Rad50-NBS1
(MRN) complex in adenovirus-infected cells (Querido et al.,
2001; Harada et al., 2002), although there appear to be evolu-
tionary differences among the adenoviral serotypes (Cheng
et al., 2011). Mdm2 and/or Mdm4 heterodimers also bind to the
MRN complex and when Mdm2 is overexpressed, there is a
delay in DNA repair leading to chromosome abnormalities and
genome instability (Melo and Eischen, 2012). Modification
of chromatin through DNA-interacting enzymes of the MRN com-
plex has been observed with orthologous proteins across all
cellular life forms, suggesting that many of these proteins
and motifs were already present in a universal common ancestor
(de Souza et al., 2010). Ancient roles are similarly implied for
the proteins that modulate the activity of MRN, such as Mdm2,
Mdm4, and E1B-55 K.

While the binding site for p53 within E1B-55 K is still not
clearly defined (Blackford and Grand, 2009), the region was ini-
tially proposed to be between amino acids 224 and 354 of E1B-
55 K (Kao et al., 1990), and the interaction of these two proteins
could be decreased in the presence of peptides containing
either amino acids 205-221 or 219-233 from E1B-55 K (Grand
et al., 1999). Mutations that decrease p53 binding and/or deg-
radation include amino acids from K104 to H215, H474, and
F484, further demonstrating that the interaction is complex and
may involve more than one site (Blackford and Grand, 2009).
Alignment and homology modelling (Supplementary Figure S5)
suggest that the region around 220-280 of E1B-55 K could
potentially mimic two of the key a helices and hydrophobic cleft
of Mdm2—-p53 interaction and thus may represent a major bind-
ing site.

Conclusion

Evolutionary studies are limited by the availability of high-
quality genome sequences with good DNA sequence coverage,
but this is steadily being overcome with high throughput
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sequencing. With the current set of genomes of extant or-
ganisms, we are able to discern that despite high homology
between Mdm2 and Mdm4 in vertebrates, the two proteins func-
tion differently based on the small differences in their protein
sequences in their conserved domains. There is a decreasing
disparity in function with greater divergence from our species,
most obvious in that both Mdm2 and Mdm4 are necessary and
non-redundant for development in mice, but the loss of Mdm4
alone is tolerated in zebrafish development. This is also evident
in the case when lamprey Mdmé4 can destabilize lamprey p53,
but the Mdm4 of higher vertebrates cannot degrade their p53.
Such evidence supports the hypothesis that following the dupli-
cation of the Mdm gene, the two new genes evolved to take up
different roles in the regulation of p53.

Even viruses have evolved means to disrupt the regulation of
p53/Mdm2/Mdm4. Inactivation of p53 is often a critical step
in viral infection involving inhibition of transactivation, PML
nuclear body sequestering, and RING and HECT domain-
mediated ubiquitination and targeting to the proteasome
(de Souza et al., 2010; Gustin et al., 2011; Chao, 2015; Miciak
and Bunz, 2016; Wimmer et al., 2016). These activities often
result in decreased DNA repair or delayed apoptosis and poten-
tially lead to oncogenesis in human hosts. Further investigation
will be required to determine whether common ancestors
acquired protein motifs that eventually formed Mdm following
viral infection or, alternatively, whether host protein functions
are mimicked by viral motifs (Chemes et al., 2015). Additional
studies of Mdm2 and Mdm4 of other organisms, especially spe-
cies of ancient lineages, would yield greater insight in the rela-
tionship among Mdm2, Mdm4, and p53. Tractable model
organisms would also need to be established to biochemically
verify the functions of Mdm2 and Mdm4 in their native contexts.

The interaction between Mdm2 and/or Mdm4 and p53 has
become an important model system for the design and development
of drug-like molecules that disrupt intracellular protein—protein
interactions, leading to substantial development in drug discovery.
These include stapled peptides (Brown et al., 2013; Chang et al.,
2013), cyclotides (Ji et al.,, 2013), and small molecule inhibitors
(Vassilev et al., 2004; Ding et al.,, 2006; Koblish et al., 2006;
Shangary et al.,, 2008; Lakoma et al., 2015). Evolution can offer
clues in discerning new functions of the Mdm2 family and provide
insights in drug design and discovery. The growing understanding
of novel roles for Mdm2 and Mdm4 suggests that the new mole-
cules may have wider therapeutic use beyond oncology (Li et al.,
2016), and these are critical test systems of novel drugs that exploit
the exquisite specificity of protein degradation in eukaryotic cells.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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