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the observed segmental form of progeria.

Introduction

Two compelling lines of evidence establish p53 as a major tumor
suppressor in humans. First, heterozygous germline mutations
in the p53-encoding gene TP53 cause Li-Fraumeni syndrome, an
autosomal-dominant and highly penetrant early-onset cancer pre-
disposition syndrome (1). Second, inactivating somatic TP53 muta-
tions have been identified in the majority of human tumors (2). The
p53 protein is a DNA sequence-dependent transcriptional regula-
tor of myriad genes whose products mediate diverse physiological
pathways involved in cell-cycle progression, apoptosis, senescence,
autophagy, genomic stability, fertility, stem cell differentiation,
and cellular metabolism, many of which can be linked to tumor
suppression (3, 4). Under basal conditions, p53 is maintained at
very low cellular levels. However, in response to exogenous and
endogenous stressors, p53 is rapidly stabilized and activated, lead-
ing to one or more of the above-mentioned cellular outcomes.
Maintenance of low p53 levels or deactivation of p53 during recov-
ery from stress is mostly attributable to the function of the E3 ubig-
uitin ligase MDM2 that binds primarily to a region within the p53
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The tumor suppressor p53, a master regulator of the cellular response to stress, is tightly regulated by the E3 ubiquitin

ligase MDM2 via an autoregulatory feedback loop. In addition to its well-established role in tumorigenesis, p53 has also

been associated with aging in mice. Several mouse models with aberrantly increased p53 activity display signs of premature
aging. However, the relationship between dysfunction of the MDM2/p53 axis and human aging remains elusive. Here, we
have identified an antiterminating homozygous germline mutation in MDM2 in a patient affected by a segmental progeroid
syndrome. We show that this mutation abrogates MDM2 activity, thereby resulting in enhanced levels and stability of p53.
Analysis of the patient’s primary cells, genome-edited cells, and in vitro and in vivo analyses confirmed the MDM2 mutation’s
aberrant regulation of p53 activity. Functional data from a zebrafish model further demonstrated that mutant Mdm2 was
unable to rescue a p53-induced apoptotic phenotype. Altogether, our findings indicate that mutant MDM2 is a likely driver of

N-terminal transactivation domain. MDM2 controls cellular p53
levels and activity through at least 3 mechanisms: (a) direct bind-
ing and blockage of p53 transactivation ability; (b) monoubiquityl-
ation leading to export of p53 out of the nucleus; and (c) polyubig-
uitylation leading to proteasomal degradation of p53 (5, 6). In fact,
MDM2 is itself a direct transcriptional target of p53 and thereby
forms an autoregulatory feedback loop, such that p53 and MDM?2
tightly regulate each other’s cellular levels and activities (7, 8).

While it is well established that p53 loss of function increases
the risk for cancer, the relationship between the MDM2/p53 axis
and human aging remains a matter of debate (9). Thisisaninterest-
ing question, especially in light of the envisaged therapeutic use of
MDM2 inhibitors in oncology (10). For example, p53 protein levels
accumulate in aged, “near-senescent” human fibroblasts (11), but
decline in aged mouse populations (12). The p53 SNP p.Arg72Pro
has been associated with increased longevity and survival (13), but
paradoxically also confers reduced apoptotic potential (14, 15) and
modest increases in cancer susceptibility (16). In addition, some
human premature aging disorders (segmental forms of progeria)
have been linked to p53 signaling and may yield insights into the
broader aging phenomenon (17, 18).

The putative relevance of p53 action in aging is also reflected in
mouse models that modulate the MDM2/p53 axis directly. Mice with
N-terminal truncations of p53 in the presence of functional WT p53
(19, 20) and mice with N-terminal p53 mutations that mimic phos-
phorylation and are unable to be regulated by MDM2 have constitu-
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Figure 1. Identification of a causative mutation in MDM2. (A) Pedigree of a consanguineous family (black and white circles and squares denote affected
and healthy individuals, respectively; arrow indicates the index patient; diagonal lines indicate deceased status; double line shows parental consanguin-
ity). (B) Facial image of the index patient IV:7 at the age of 19 years. Note the patient’s short stature (151 cm on the scale), prematurely gray hair, pinched
facial features with a narrow nasal bridge, and small mouth. (€C) Sequence chromatogram shows the ¢.1492T>C (p.*498Qext5) mutation (red arrow).

tively active p53 activity and display accelerated aging phenotypes
(21). On the contrary, some mouse models with altered p53 or MDM2
expression, i.e., “super-p53” or hypomorphic MDM2 mice, display no
signs of premature aging (22, 23), suggesting that simple elevation of
p53levels is insufficient to cause premature aging, as p53 is still tight-
ly regulated in these cases. These seemingly conflicting results may
be reconciled by positing that deregulating the MDM2-p53 feedback
loop might be critical for abnormal aging processes.

Here, we present a patient affected by a segmental progeroid
syndrome in whom we identified a homozygous germline MDM2
mutation. This antiterminating MDM?2 mutation results in consti-
tutive stabilization of p53 and MDM2, leading to altered p53 activ-
ity and dysfunction of the MDM2/p53 axis.

Results

Characteristics of the studied patient. We studied a patient who
was referred to the International Registry of Werner Syndrome
(www.wernersyndrome.org) with the putative diagnosis of a
Werner syndrome-like segmental progeroid disorder. The index
patient (IV:7, Figure 1, A and B) is the seventh child of unaffect-
ed, consanguineous parents of Saudi Arabian origin. At the age of
19 years, he presented with short stature (151 cm), pinched facial
features, prematurely gray hair, scleroderma-like skin changes,
high-pitched voice, hypogonadism, sparse pubic hair, small kid-
neys and consecutive kidney failure, followed by severe arterial
hypertension (Figure 1B and Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/
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Figure 2. The antiterminating MDM2 mutation is defective in its regula-
tion of p53. (A) Protein levels of MDM2, p53, and actin in control and IV:7
fibroblasts treated with vehicle DMSO (-), Nutlin-3 (N, 10 uM), or daunoru-
bicin (D, 0.1 mg/ml) for 24 hours. Immunoblot with the indicated antibod-
ies. Graph shows the fold change of basal p53 levels over actin levels from 5
independent experiments. (B) Protein degradation rates of MDM2 and p53
in fibroblasts via CHX chase. Immunoblots show results of control 1 and
IV:7 fibroblasts harvested at the indicated times (minutes) after CHX (100
ug/ml) treatment. Graphs show protein quantification normalized to actin
(using ImageJ and GraphPad Prism software) and the half-lives of MDM2
(control 1: 62 min; IV:7: 92 min) and p53 (control 1: 45 min; 1V:7: 82 min). (C)
Effects of proteasome inhibition on MDM2 and p53 levels. Immunoblot

of control fibroblasts (controls 3, 4, and 1) and 1V:7 fibroblasts treated

with vehicle (DOMSO) or MG132 (25 uM) for 6 hours. Graph shows protein
guantification (using Image)) and normalization to actin. Fold recovery was
calculated by comparing p53 or MDM2 values from treated cells with those
of untreated cells. (B) Subcellular localization of MDM2 and p53 in control 1
and IV:7 fibroblasts treated with vehicle (DMSO) or Nutlin-3 (10 uM) for 24
hours. Original magnification, x63. (E) U20S genome-edited cells express-
ing WT/WT and MUT/MUT MDM2 with no p53 were treated with vehicle
(DMSO) or the proteasome inhibitor MG132 (25 pM) for 6 hours before
harvesting and immunoblotting. In A and B, error bars represent mean £
standard deviation. In C, error bars represent mean + SEM.

JCI92171DS1). Two of his sisters, IV:3 and IV:5, were reported to
have had similar clinical features. In more detail, individual IV:3
had short stature, prematurely gray hair, hypertension, and kidney
failure and died at the age of 31 years from myocardial infarction.
Individual IV:5 also had short stature and prematurely gray hair
and died suddenly at the age of 23 years, possibly from an epileptic
attack. Their parents, III:1 and III:2, died at an unknown age from
myocardial infarction and respiratory infection, respectively. No
DNA from the deceased individuals was available for genetic test-
ing. Conventional Sanger sequencing revealed no mutation in the
known disease genes for progeroid syndromes (24).

Identification of the causative mutation. To unravel the cause
of this disorder with suspected autosomal-recessive inheritance,
we first performed SNP array analysis of the index patient. In line
with parental consanguinity, we identified 11 extended genomic
regions of homozygosity with a maximum reachable LOD score
(Supplemental Figure 1). We then performed whole-exome
sequencing in patient IV:7. Bioinformatic filtering identified only
a single homozygous variant not present in public databases that
has a severe impact on protein structure in the above-mentioned
putatively linked genomic regions (refer to the Supplemental text
and Supplemental Table 2), namely, a homozygous antiterminat-
ing mutation, ¢.1492T>C, in MDM2. This mutation removes the
physiological MDM2 stop codon and is predicted to extend the
protein for 5 further erroneous amino acids, p.*498Qext5 (amino
acids: QLTCL, Figure 1C). Previous cell-based transfection stud-
ies have shown that the highly conserved extreme C-terminus of
MDM2 is essential for its oligomerization and E3 ubiquitin ligase
activity (25, 26). In addition, a more recent study showed that the
same MDM?2 variant, when ectopically expressed, is unable to
degrade coexpressed p53 in vitro (27).

Regulation of cellular p53 levels. To corroborate our genetic find-
ings, we analyzed p53 levels in primary dermal fibroblasts from
patient IV:7. When compared with fibroblasts from healthy control
individuals, we observed both elevated basal p53 protein levels and
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pronounced induction of p53 protein in the patient’s fibroblasts
after treatment with 2 well-studied p53 inducers, i.e., Nutlin-3, a
small-molecule inhibitor of MDM2-p53 interaction, and the anth-
racycline daunorubicin, a topoisomerase II inhibitor (Figure 2A).
Markedly elevated p53 and MDM2 protein levels in lymphoblastoid
cell lines (LCLs) from patient IV:7 as compared with LCLs from an
unaffected individual confirmed these findings (Supplemental
Figure 2A). Notably, p53 activation by Nutlin-3 treatment suggests
that mutant MDM2 has residual p53 degradation activity. Taken
together, these data indicate a compromised MDM2-p53 negative
feedback loop as the likely pathogenic mechanism.

Consistent with the study mentioned above (27), we showed
that ectopically expressed MDM2 with the antiterminating muta-
tion is defective in its ability to degrade both ectopic and endoge-
nous p53 in U20S cells (Supplemental Figure 2, B and C). In fact,
expression of mutant MDM?2 led to increased levels of p53 protein
in either case. Additionally, ectopic mutant MDM2 accumulated
to markedly higher levels than did WT MDM?2 when introduced
into U20S cells or H1299 cells (a p53-null cell line), indicating
that its increased stability is an intrinsic property of the protein
itself and not a result of p53 transcriptional activity (Supplemen-
tal Figure 2D). When conditions were calibrated such that mutant
MDM2 and WT MDM?2 were expressed at equivalent levels,
mutant MDM2 still dramatically stabilized coexpressed p53 levels
(Supplemental Figure 2E). These findings prompted us to further
investigate MDM2-p53 homeostasis in fibroblasts from patient
IV:7. Inhibition of protein synthesis by cycloheximide (CHX)
revealed that both MDM2 and p53 were significantly stabilized
compared with fibroblasts from an unaffected individual (Figure
2B), and the relative stabilities of transiently coexpressed mutant
MDM?2 and p53 were also markedly pronounced compared with
WT MDM?2 and p53 (Supplemental Figure 2F). Further, inhibition
of the proteasome by MG132 confirmed the increased stability of
p53 and MDM2 in the patient’s fibroblasts, since their levels were
just minimally increased after treatment as compared with levels
in fibroblasts from unaffected individuals (Figure 2C). Together,
these data indicate that the identified mutation leads to impaired
MDM?2 E3 ubiquitin ligase activity. This was confirmed by tran-
sient transfection experiments showing that p53 coexpressed
with mutant MDM?2 was underubiquitinated when compared with
WT MDM2 (Supplemental Figure 2G) and, relatedly, that MG132
treatment only very modestly increased ectopic p53 levels in the
presence of mutant MDM2 (Supplemental Figure 2H). Finally,
immunocytochemistry revealed that the patient’s untreated fibro-
blasts expressed relatively higher levels of nuclear p53, as was
seen with fibroblasts from an unaffected individual treated with
Nutlin-3 (Figure 2D). Transient transfection experiments again
confirmed these observations, showing that p53 was found in both
the nucleus and cytoplasm when coexpressed with WT MDM2 but
was exclusively nuclear when coexpressed with mutant MDM?2
(Supplemental Figure 2I).

In order to further analyze this mutation in a controlled back-
ground, we generated U20S celllines bearing 1or 2 copies of mutant
MDM2, heterozygous and homozygous, respectively, at its endoge-
nous locus using TALENS. It is noteworthy that, despite the genera-
tion of multiple clones of other endogenous MDM2 mutations (data
not shown), we were only able to obtain a single homozygous clone
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Figure 3. The antiterminating mutation results in abnormal p53 functional responses. (A) MDM2 and p53 could be coimmunoprecipitated. Proteins were
harvested from control and 1V:7 LCLs and detected after coimmunoprecipitation with anti-MDM2 antibody (H-221) and subsequent immunoblotting. All
samples were run on the same gel but were noncontiguous. (B) Control 1and IV:7 fibroblasts were treated for 24 hours with DMSO, Nutlin-3 and daunorubi-
cin. Cells were harvested and used for protein or mRNA analysis. Cells were lysed and used for immunoblotting with the indicated antibodies. Quantitative
reverse transcription PCR (gRT-PCR) analysis revealed relative mRNA levels of p53 target genes after treatment. Bar graph is representative of 3 inde-
pendent experiments and shows no statistical significance. (C) Time course of p-p53, p53, and MDM2 protein levels after treatment with MMC, APH, and
daunorubicin. Protein levels of p-p53 (Ser15), p53, and MDM2 in fibroblasts treated with MMC (40 ng/ml), APH (0.3 uM), or daunorubicin (0.1 uM). Fibro-
blasts from control 1 (lanes 1-4) and IV:7 (lanes 5-8) were treated for 24 hours with the indicated stressors. Cells were harvested either right after treatment

(lanes 1and 5), or were further cultured for 4 (lanes 2 and 6), 8

(lanes 3 and 7), or 24 hours (lanes 4 and 8) in stress-free medium. Cell lysates were used for

immunoblotting with p-p53 (Ser15); p53 (AF1355); MDM2 (N20); and anti-actin. (D) gRT-PCR analysis showing relative mRNA levels of p53 target genes after
treatment with DMSO or Nutlin-3 for 24 hours in WT/WT, WT/MUT, and MUT/MUT U20S genome-edited cells. Bar graph is representative of 3 independent
experiments and shows no statistical significance for Nutlin-3-treated p21 WT/MUT and MUT/MUT cell lines as compared with WT/WT cell lines.

expressing the antiterminating MDM2 mutation, suggesting that
cells expressing high levels of p53 could not be expanded during
the selection process. In fact, basal and Nutlin-3-induced levels
of p53 protein were similar among cells expressing WI/WT, WT/
mutant (WT/MUT), and MUT/MUT MDM?2 (Supplemental Fig-
ure 3), indicating that the genome-edited MUT/MUT MDM2 cells
may have acquired a compensating mechanism to control basal p53
levels. To further determine the stability of mutant MDM2 in the
absence of complications due to the presence of WT p53, we used
CRISPR technology to generate p53-null versions in both parental
and homozygous TALEN-generated cells (Figure 2E). Proteasome
inhibition demonstrated that the MUT/MUT MDM?2 could not be
further stabilized when p53 was knocked out, suggesting that it is
inherently more stable than its WT counterpart.

Cellular consequences of the MDM?2 mutation. Since the prima-
ry sites of interaction between MDM2 and p53 are within their
respective N-termini, we expected the mutant MDM?2 to retain
binding to p53. This was confirmed in the patient’s LCLs (Figure
3A) and in cells ectopically expressing mutant MDM?2 and p53
(Supplemental Figure 4). Therefore, it is likely that the mutant
MDM2 still retains its ability to repress the transcriptional trans-
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activation ability of p53 through direct binding (28), potentially
explaining why this mutation does not lead to embryonic lethal-
ity in humans. However, we repeatedly observed that p53 in the
patient’s cells could still be highly activated by treatments that
released p53 from MDM?2 (Figure 2A), leading to a pronounced
induction of the RNA expression levels of p53 target genes (p21,
MDM2, NOXA, and PUMA) (Figure 3B). Notably, the mRNA
induction of p53 target genes after Nutlin-3 treatment was mark-
edly higher as compared with cells treated with daunorubicin.
Although control and patient IV:7 fibroblasts expressed com-
parative total relative RNA levels upon daunorubicin treatment,
the fold change upon daunorubicin induction varied between
cell lines because of differing basal target gene expression. It is
possible that the aging phenotype is mediated through pathways
distinct from those activated by daunorubicin. Additionally, it is
well known that the dynamic behavior of p53 varies on the basis
of numerous factors such as the duration of the drug treatment
and recovery period and the concentration of the drug used (29).
In this experiment, we used a specific time point (24 hours) to
investigate whether p53 could be activated in the patient’s fibro-
blasts. To investigate this further, we used different stressors,
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Figure 4. Functional consequences of the identified mutation in the patient’s cells. (A) CBMN assays in LCLs. Effect of y-irradiation (1and 2 Gy) on the
induction of micronuclei (MN) in control and IV:7 (left y axis) LCLs and on cell viability in the presence of CytB, indicated by the NDI (right y axis). Data rep-
resent 3 independent experiments. P = 0.2; 1Gy: P = 0.0006; 2 Gy: P = 0.0001 (2-tailed Student’s t test). NT, nontreated cells. (B) Chromosomal stability in
LCLs. Graph shows the mean number of aberrations per cell observed in 100 metaphases of an unaffected individual (Control LCLs) and the index patient
(IV:7 LCLs). LCLs were left untreated or treated with 80 ng/ml MMC for 48 hours. Data represent 2 independent experiments. P values are relative to con-
trol LCLs for each treatment. #P = 0.0002 (2-sample Poisson tests). (C) Senescence phenotype of IV:7 fibroblasts. Control 1and IV:7 fibroblasts at passage
28 (P28) were stained for -gal. Original magnification x20. (D) Protein levels of LMNBT1 and actin in primary fibroblasts from an unaffected individual
(Control 1) and the index patient IV:7 at passages 18 (both), 31 (control 1), and 27 (index patient).

namely adriamycin, daunorubicin, mitomycin C (MMC), and
aphidicolin (APH), and analyzed protein expression after differ-
ent recovery periods (0, 4, 8, and 24 hours). Indeed, each treat-
ment resulted in enhanced and prolonged p53 protein levels with
concomitant p53 serine 15 phosphorylation in the patient’s fibro-
blasts (Figure 3C and Supplemental Figure 5). Additionally, with
the caveat that a single homozygous clone was used, our data
with genome-edited cells also showed that p53 was hyperacti-
vatable after Nutlin-3 treatment, as evidenced by a much greater
fold increase over basal RNA levels expressed from a set of p53
target genes (Figure 3D). Also important, we found that basal
expression of these p53 targets was markedly lower in homo-
zygous MUT/MUT cells than in the parental cells, with mRNA
expression in the heterozygous cells at intermediate levels (Fig-
ure 3D). Altogether, these data indicate that mutant MDM2 is
able to bind and repress the transcriptional activity of basal p53,
but upon stress leads to p53 hyperactivation.

These findings prompted us to perform chromosome break-
age analysis and cytokinesis-block micronucleus (CBMN)
assays, the latter of which enables simultaneous monitoring of
genomic stability and cellular proliferation in LCLs under bas-
al and stressed conditions. In contrast to many other segmental
progeroid syndromes (30), LCLs from the index patient had no
genomic instability but rather showed a certain level of protec-

tion against ionizing radiation and MMC, in accordance with the
pronounced p53 stabilization after MMC treatment (Figure 4, A
and B). This protection, however, seemed to occur at the cost of
cell viability, as calculated by the nuclear division index (NDI)
(Figure 4A), a finding compatible with a decreased regenerative
capacity and the development of signs of accelerated aging on
an organismal level. Additionally, the patient’s fibroblasts had
reduced replicative capacity and entered replicative senescence
already at passage 28, whereas the control fibroblasts stopped
replicating at passage 43, comparable to the findings in other
progeroid syndromes (31). This was further confirmed by senes-
cence-associated p-gal staining (Figure 4C) and loss of lamin B1
(LMNBI) (Figure 4D).

Impaired Mdm2 function in zebrafish. In order to confirm the
impact of the identified MDM2 mutation on cellular outcomes at a
physiological level in vivo, we used an established zebrafish mod-
el. As expected from previous work (32), embryos either deficient
in Mdm?2 or overexpressing p53 displayed a severe apoptotic phe-
notype. This phenotype could be rescued upon coinjection of WT
mdm2 mRNA, but not by an equimolar amount of mutant mdm2
mRNA bearing an extension of the 5 amino acids identified in the
index patient (Figure 5). These findings confirmed the evolution-
arily conserved role of the Mdm2 C-terminal tail and the patho-
genic nature of the identified mutation.
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Discussion

The human organism is under constant exposure to both endoge-
nous and exogenous stressors, such as oxidative stress, environmen-
tal toxic substances, and UV light. If not dealt with, these threats can
lead to DNA damage and cellular lesions that have the potential to
harm the organism and limit survival. In order to cope with these per-
vasive threats, numerous cellular systems have evolved that can sen-
sitively detect stressors and initiate adequate cellular responses to
limit potential damage. In this respect, p53 plays an integrating and
pivotal role in coordinating cellular reactions to stress signals, mainly
by activating cell-cycle arrest, apoptosis, or senescence (2, 33). The
beneficial role of p53 as a tumor suppressor and the consequences
of loss of p53 activity in human cancers have been intensively stud-
ied. It therefore seems logical that upregulation of WT p53 could, in
principle, represent an attractive therapeutic approach (34). Indeed,
numerous studies report the identification of drugs that specifical-
ly target the MDM2/p53 axis for cancer therapy, with clinical trials
already underway (35-37). Since the potential effects of increased
p53 activation on an organismal level in humans are still unknown,
the detailed elucidation of the possible effects of p53 activation on
MDM2 inhibition is of growing biomedical importance. In this study,
we have described the identification and characterization of a ger-
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mline antiterminating MDM2 mutation in a patient with a segmen-
tal progeroid syndrome. Although we describe a single patient and
his family, the combination of (a) disease gene locus refinement by
homozygosity mapping, (b) the systematic analysis of all homozy-
gous variants by exome sequencing and, especially, (c) the demon-
stration of altered regulation of and by p53 in cells from this specific
patient fulfill previously proposed criteria for identification of novel
disease genes in single patients (38). Our studies indicate that dys-
functional regulation of p53 by MDM2 can lead to aberrant p53 activ-
ity that poses deleterious effects on human aging processes.

Until now, the strongest evidence linking aging and dysregulat-
ed p53 has come from engineered mouse models. Nonetheless, it is
not a given that any genetic variant in mice will be phenocopied in
humans. Two studies involving mice with N-terminal truncated p53
in the presence of functional WT p53 revealed accelerated aging
phenotypes (19, 20). These mice appear to have aberrant MDM?2
regulation of p53, and mouse embryonic fibroblasts from these
mouse models express normal p53 protein levels but have constitu-
tively active p53 (39). Further, mice with mutations in key N-termi-
nal phosphorylation sites that can inhibit interaction with MDM2
also display an aging phenotype (40). Yet other studies have argued
against a role for p53 in aging. In 1 case, super-p53-transgenic mice
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harboring an extra copy of DNA spanning the p53 genomic locus
appear to age normally (23). Similarly, mice that are hypomorphic
for MDM2 have no signs of early aging (22), while other mice bear-
ing extra copies of both p53 (super-p53) and ARF actually experi-
ence delayed onset of aging (41). Notably, the above-mentioned
mice without signs of premature aging have intact p53/MDM2 cir-
cuitry, indicating that p53 in these mice is regulated by MDM2 nor-
mally. In contrast, the mutant p53 mice showing premature signs
of aging collectively feature abnormal MDM2/p53 regulation due
to mutant p53 alleles that cannot interact with MDM2. Relatedly,
conditional mice with targeted deletion of Mdm2 in the epidermis
show characteristics of aging skin and have stable p53 (42).

Engineered mice with altered MDM2have also greatly contribut-
ed to our understanding of the MDM2 /p53 axis. Mice null for MDM2
expression or expressing a key MDM2 RING domain mutation that
abrogates E3 ligase activity (p.Cys462Ala) display early embryonic
lethal phenotypes unless the mice are generated in a p53-null back-
ground (43-45). These data indicate that MDM2 requires functional
E3 ubiquitin ligase activity to restrain p53 for normal development.
The extreme C-terminus of MDM2 plays a critical role in RING-
RING interactions and is required for MDM2 oligomerization and
E3 ligase activity in human cells (25, 26). Yet mice engineered with
a mutation in the extreme C-terminus of MDM2 (p.Tyr487Ala) that
also affects RING-RING interactions develop and age normally (46).
Reports that defective E3 ligase activity due to mutations or exten-
sions in the extreme C terminus of MDM2 can be partially rescued
by coexpression of the MDM2 homolog MDMX could explain the
viability of the Tyr487Ala mouse in comparison with the Cys462Ala
mouse (25-27). However, since MDM2 variants with mutations in
the last 5 amino acids of MDM2 share characteristic properties with
those of antiterminating MDM2 mutations, it is surprising that the
Tyr487Ala mouse does not display some segmental progeroid char-
acteristics (25-27). We speculate that key differences between our
index patient and Tyr487Ala mice could account for the different
phenotypes. Specifically, the enhanced MDM2 stability, levels of
basal p53 target genes, and hyperactivation of the p53 transcription-
al program in the patient’s cells differ from the reported character-
istics of the Tyr487Ala mouse. Additionally, laboratory mice could
be spared exposure to many naturally occurring stresses or environ-
mental stimuli, which could be important cofactor(s) in the normal
or pathological aging process.

We postulate that either the ability of p53 to be hyperactivated
orits prolonged activation due to the impaired ability of the antiter-
minating mutant MDM?2 in downregulating p53 after stress might
be critical factors contributing to the observed clinical phenotype
in the index patient. Thus, we hypothesize that in the index patient,
certain everyday stresses generate a chronic condition, whereby
pervasive and pronounced deleterious activation of p53 down-
stream targets induces a program of accelerated aging. Indeed,
elevated levels of p53 with concomitant activation of the p53 path-
way have been previously identified in several other segmental
progeroid syndromes, such as ataxia telangiectasia, Hutchinson-
Gilford progeria, and Cockayne syndrome (18, 21, 47). Further, we
should consider the possibility that basally underexpressed p53
target genes in the patient-derived and engineered cells are also
contributing to one or more of the characteristics of the patient, as
basal p53 has been implicated in survival functions and regulation
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of longevity-associated processes (3). In addition, p53 crosstalk
with other pathways adds another layer of complexity to delineat-
ing the underlying mechanism(s) linking p53 and aging (48-50).
Nor can we exclude the possibility that p53-independent activities
of MDM2 might also contribute to the observed phenotype (6, 51).

Indeed, p53 activation is stressor dependent and may lead to
abnormally enhanced levels of autophagy, cell-cycle arrest, apop-
tosis, or senescence that can ultimately cause tissue and organ dys-
function resulting in accelerated aging symptoms (52). Two common
hallmarks in both segmental forms of progeria and physiological
aging are genomic instability and cellular senescence (49, 53). How-
ever, unlike the situation in other progeroid syndromes that derive
from defects in genome maintenance proteins and thus exhibit
diminished genomic integrity, we observed increased chromosom-
al stability in the patient’s cells. The latter is largely in accordance
with prolonged p53 hyperactivation, which could potentially pro-
mote DNA repair mechanisms and enhance genome stability (3). On
the other hand, we observed premature senescence in the patient’s
fibroblasts. Although we acknowledge that it is almost impossible to
exactly define which of the numerous cellular outcomes contribute
to the progeroid phenotype, as the p53 response is cell-, tissue-, and
stress-type dependent, our data implicate senescence as playing a
role in facilitating the aging symptoms in the patient.

Inthe family studied here, idiopathic, early-onset kidney failure
followed by arterial hypertension and the family’s predisposition to
myocardial infarction seem to be the most malicious outcomes at
the organismal level. Intriguingly, in addition to being essential for
maintenance of the nephron progenitor niche (53), studies in mice
have suggested that the MDM2/p53 axis specifically regulates kid-
ney-specific cell healing, development, and the response to inflam-
mation (54, 55). Our data, even though based on a single patient,
may indicate a potentially increased risk of side effects for systemic,
long-term therapies with MDM?2 inhibitors. Special emphasis on
the parameters of kidney function may therefore be advisable for
the clinical trials already underway involving synthetic small mole-
cules that interfere with MDM2-p53 interaction.

In summary, we report on a patient who developed — at a
rather early age — several symptoms that are typically observed
in the elderly, compatible with the diagnosis of a segmental pro-
geroid syndrome (56). By combining up-to-date genetic approach-
es including genome-wide linkage mapping and massively par-
allel sequencing with in-depth functional characterization of
patient-derived primary cell lines with complementary in vitro
and in vivo analyses, we identified a homozygous germline anti-
terminating MDM2 mutation as the genetic cause of his condition.
Taken together, our evidence provides strong support for a role for
functional disturbance of the MDM2/p53 axis in promoting a pre-
mature aging phenotype in humans.

Methods

Cell lines. EBV-transformed LCLs and primary dermal fibroblasts
were established as previously described (57). Previously used LCLs
from an unaffected individual, AG1010 (24), termed control LCLs,
were used in all experiments. In experiments with primary dermal
fibroblasts, a previously used cell line from a healthy individual, 82-6
(30), termed control fibroblasts 1, was used for all experiments. To
corroborate the findings in some experiments, additional cell lines
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from unaffected individuals (IMR-90, NHDF, and 1101-SK) were
used and are termed control fibroblasts 2, 3, and 4, respectively. 88-1
normal fibroblasts were also used. Primary dermal fibroblasts were
maintained in DMEM supplemented with 10% FBS. Human osteo-
sarcoma (U20S) and non-small-cell lung cancer (H1299) cell lines
were also maintained in DMEM supplemented with 10% FBS. LCLs
were maintained in RPMI medium supplemented with 10% FBS. Cell
lines were obtained from Junko Oshima, Lyubomir Vassilev (Serono
Research and Development Institute, Billerica, MA, USA), and ATCC.
For replicative capacity studies, primary dermal fibroblasts from the
index patient and control fibroblasts 1 were thawed at passage 6 and
passaged at 80% confluency. Fibroblasts were not allowed to become
fully confluent at any time in order to maintain maximal growth rates.

Homozygosity mapping and candidate gene sequencing. Genome-
Wide Human SNP Array 6.0 (Affymetrix) was used to exclude the
possibility of genomic rearrangements and map putative homozygous
regions. Genome-wide homozygosity scores were produced by Homo-
zygosityMapper, a Web-based approach to homozygosity mapping
(58). Data handling, evaluation, and statistical analysis were previously
described in detail (30). To confirm the homozygous antiterminating
mutation, ¢.1492T>C, in MDM2, we designed primers, 5'- gagggcttt-
gatgttcctga-'3 and 5'-ggagttggtgtaaaggatgage-'3, and PCR amplified
it by using genomic DNA from the affected individual. PCR products
were sequenced on an ABI 3730 DNA Analyzer with BigDye Chemis-
try, version 3.1 (Applied Biosystems). Sequence traces were assembled,
aligned, and analyzed with Seqman software (DNASTAR Lasergene).

Exome-sequencing analysis. Exome sequencing of the proband was
performed on 2 lanes of an Illumina GAIIx Sequencer using a single-read
150-bp protocol after enrichment of exonic and splice-site sequences with
the Agilent SureSelect Human All Exon 50 Mb Kit. More than 194 million
reads were mapped to the hgl9 human reference genome. Approximate-
ly 93% of target sequences had at least 10-fold coverage and 75% had
30-fold coverage, with a mean coverage of approximately 91. Data anal-
ysis of filter-passed reads was performed with the in-house pipeline V1.3
using BWA-short in combination with SAMTOOLS pileup 0.1.7 for the
detection of SNPs and short insertions and deletions (indels). In-house-
developed scripts were applied to detect protein changes, affected splice
sites, and overlaps to known variations, with filtering against dbSNP build
138, the 1000 Genomes Project data build November 2014, ExAC Brows-
er (status from April 2015), and the in-house database of exome variants
(with data from >200 exomes of individuals affected by different disor-
ders). The criteria for a variation to be taken into account were: more than
6 reads; a phred scaled quality score of greater than 15; a population allele
frequency of less than 1% seen fewer than 10 times in our in-house data-
base; and more than 15% of the reads supporting the allele.

Plasmids. Full-length zebrafish mdm2 and p53 and human MDM2
cDNAs were cloned into pCS2* and pcDNA3.1 (Invitrogen, Thermo Fisher
Scientific), respectively. Mutants were cloned using PCR amplification
and restriction enzyme digestion and recombination. Site-directed
mutagenesis was performed by PCR to introduce the desired mutations.
The correctness of the DNA sequence was verified by sequencing.

Genome-edited cell lines. Two TALEN plasmids were designed to
target nucleotides within the intron between exons 10 and 11 (taccttag-
acatagcaaa[Glttgctageatteetgtgactgageagtta, where [G] indicates a
TALEN cutting site, and the 2 TALEN binding sites are underlined bold),
as recommended by ZiFiT Targeter software (http://zifit.partners.org/
ZiFiT/TALZiFiTNuclease.aspx). A donor vector with two 1-kb homolo-
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gous arms plus an FNF selection cassette (Frt-EM7- NeoR-Frt) was also
constructed. The FNF selection cassette was inserted into the intron
between exons 10 and 11 of the mdm2 gene to facilitate clone selection as
well as a unique HindIII site in exon 11. A T to C mutation was introduced
into the donor vector at the stop codon TGA by site-directed mutagene-
sis. This resulted in an MDM2 variant with a 5-amino acid extension. The
donor and TALEN plasmids were transfected into U20S cells, followed
by selection with G418 (800 pg/ml) for 2 to 3 weeks. The resistant clones
were expanded and examined for FNF insertion on the mdm2 locus by
PCR. The corrected clones were confirmed by sequencing to ensure that
the allele carrying the mutation was corrected. Both heterozygous and
homozygous clones were obtained. To serve as controls, isogenic WT
clones were also obtained through the same selection process.

Mutant MDM2-p53-KO cells were generated using CRISPR/Cas9
genome editing technology. Cells (7 x 10%) were transfected with 2
ug p53 CRISPR/Cas9-KO plasmid (Santa Cruz Biotechnology Inc.).
Two days later, cells were treated with Nutlin-3 (10 pM) for six days
to inhibit the proliferation of cells with WT p53, thereby enriching for
p53-KO cells. Single-cell clones were selected via limiting dilution,
and p53-KO clones were confirmed by Western blotting using FL-393
(Santa Cruz Biotechnology Inc.) rabbit polyclonal antibody.

Immunoblotting. Whole-cell lysates were analyzed by standard
immunoblotting procedures. Protein concentration was measured
using the Bio-Rad protein assay (Life Science Research). Equal
amounts of total protein were resolved on 8% or 12% polyacrylamide
gels (for ectopic and fibroblast/LCL work, respectively), transferred to
a nitrocellulose membrane, and then blocked for 30 minutes in PBS
containing 0.1% Tween-20 (PBST) (Sigma-Aldrich) and 5% nonfat dry
milk. The membrane was incubated overnight at 4°C with primary anti-
bodies in 1% milk in PBST. The commercial primary antibodies used
include: anti-FLAG (M2; Sigma-Aldrich); anti-HA (6B12; Covance);
anti-p53 (AF1355; R&D Systems); anti-MDM?2 (N20 or H-221; San-
ta Cruz Biotechnology Inc.); anti-phosphorylated p53 (anti-p-p53)
(Ser15) (Cell Signaling Technology); anti-lamin B1 (S20; Santa Cruz
Biotechnology Inc.); anti-p21 (C-19; Santa Cruz Biotechnology Inc.);
anti-GFP (B2; Santa Cruz Biotechnology Inc.); anti-y-tubulin (T5192;
Sigma-Aldrich); and anti-actin (A2066; Sigma-Aldrich). The mono-
clonal antibodies used as in-house-produced hybridoma supernatants
include: anti-p53 (1801/DO-1) and anti-MDM?2 (2A9, 3G5, 4B11, and
5B10). After 3 washes with PBST, membranes were incubated with
secondary antibodies in 1% milk in PBST for 30 minutes at room
temperature (RT). The secondary antibodies used include goat anti-
mouse or goat anti-rabbit conjugated to HRP (Sigma-Aldrich) or fluo-
rescent green goat anti-mouse and fluorescent red donkey anti-rabbit
(IRDye 800CW and IRDye 680LT; LI-COR Biosciences). Membranes
were visualized using either ECL (GE Healthcare or Thermo Fisher
Scientific) or the Odyssey Imaging System (LI-COR Biosciences).

Drugs. The following drugs were used: Nutlin-3 (a racemic mix-
ture of active Nutlin-3a and inactive Nutlin-3b; Sigma-Aldrich); CHX
(Calbiochem); daunorubicin (Sigma-Aldrich); MG132 (Calbiochem);
MMC (Sigma-Aldrich); cytochalasin B (CtyB) (Sigma-Aldrich); APH
(Sigma-Aldrich); and adriamycin (Sigma-Aldrich).

Immunofluorescence analyses. U20S, control 1, and IV:7 prima-
ry fibroblasts were grown on coverslips in 35-mm Petri dishes. Cells
were washed twice with PBS and fixed with 4% paraformaldehyde
solution in PBS for 20 minutes at RT. Following 2 additional washes,
fixed cells were permeabilized with 0.5% Triton X-100 in PBS at RT
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for 1.5 minutes, washed twice, blocked with 0.5% BSA in PBS for 30
minutes at RT, incubated with primary antibodies at RT for 1 hour in
blocking solution, washed thrice, incubated with a mixture of second-
ary antibodies conjugated with fluorescent dye (Alexa Fluor 488 and
Alexa Fluor 594; Life Technologies, Thermo Fisher Scientific) at RT
for 1 hour in the dark, washed thrice, and then mounted with VECTA-
SHIELD mounting medium for fluorescence with DAPI (Vector Lab-
oratories). The following primary antibodies were used: anti-MDM?2
N20 (Santa Cruz Biotechnology Inc.); anti-p53 1801/DO-1 (produced
in-house); anti-HA (16B12; Covance); and anti-FLAG (M2; Sigma-Al-
drich). Images were taken on a Zeiss LSM 700 confocal microscope.

Quantitative reverse transcription PCR. RNA was isolated from cul-
tured cells using the RNeasy Mini Kit (QIAGEN) and then converted
into cDNA using the QuantiTect Reverse Transcription Kit (QIAGEN).
PCR was performed using the StepOne Real-time PCR system with
Power SYBR Green PCR Master Mix (Applied Biosystems). Relative
mRNA levels were calculated by the AACt method and normalized
against control L32 mRNA levels.

Cytokinesis-block micronucleus assay. The CBMN assay was per-
formed with cells from patient IV:7 and AG 1011 cells. Cells (2.5 mil-
lion) were cultivated in 10 ml RPMI medium irradiated with 1 Gy or
2 Gy v rays using a Cs-137 source (Gammacell 2000; Nuclear Data).
After irradiation, CytB was added to the cultures at a final concentra-
tion of 2 pug/ml. Cultures were harvested 41 hours later by centrifuga-
tion, treated with a hypotonic solution (0.56% KCl), and fixed once
with methanol/glacial acetic acid (5 + 1) mixed with an equal amount
of 0.9% NaCl. Cells were then fixed 3 times with methanol/glacial
acetic acid (5 + 1). Air-dried slides were stained with acridine orange
(60 pg/ml in phosphate buffer). The frequency of micronucleated
cells was determined by analyzing 1,000 binuclear cells from coded
slides. Toxicity was measured using the nuclear division index (NDI),
which was calculated from 500 cells according to the formula: NDI =
(M1+2M2 + 3M3 + 4M4 + 5M5) /N, where M1- M5 indicates the num-
ber of cells with 1 to5 nuclei and N the total number of cells scored.

Chromosome analysis. Exponentially growing LCLs were reseeded
into culture flasks at a density of 2 x 10°/ml, left untreated for an addi-
tional 24 hours, or incubated with 80 ng/ml MMC for 48 hours. Cells
were exposed to 100 ng/ml colcemid for 2 hours, treated with hypoton-
ic solution (NaCl/sodium-citrate, 0.4 %) for 15 minutes, and fixed with
3:1 methanol/acetic acid. Slides were stained with Giemsa, and 100
metaphase spreads were scored for chromosomal aberrations in 2 inde-
pendent experiments. Metaphase spreads were observed using a Leitz
Laborlux S microscope and captured using CytoVision (Applied Imag-
ing). Data for chromosomal breaks in LCLs were compared (untreated
and MMC-treated) using Poisson regressions with log link functions, with
the number of observed metaphases as an offset variable. AG1010 LCLs
served as the reference. P values were not adjusted for multiple testing.

Detection of senescence-associated f-gal activity. Endogenous mam-
malian senescence-associated B-gal activity (SAp-gal) was evaluated
using the Senescence B-Galactosidase Staining Kit (Cell Signaling
Technology) according to the manufacturer’s guidelines.

Zebrafish maintenance and manipulation. WT Tupfel long fin (TL)
zebrafish were maintained following standard protocols. mdm2 RNA (3
ng) antisense morpholino oligonucleotides (MO) or 40 pg capped RNA,
transcribed with the mMessage mMachine Kit (Ambion) from linear-
ized plasmids, were injected into the blastodisc prior to the first cleav-
age. Embryos were kept at 28.5°C up to the tailbud stage (10 high-power
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fields [hpf]) and analyzed and processed. Concentrations of injected MO
and RNA were calculated, and volumes were adjusted in mineral oil for
reproducible injection volumes prior to microinjections. RNA quality
was analyzed prior to injections by using 1.5% agarose gel electrophore-
sis. Phenol red (0.5%) and rhodamine-dextrane (0.5%) were coinjected
in order to monitor the equal distribution of the solution during injection.
Six hours after injection, embryos were sorted for homogeneity of the
injected solution using a fluorescence stereoscope. A previously estab-
lished splice-site mdm2 MO (5'-TGTTAAGAGATTCAGTACGCAC-
CGC-3) (59) was used to generate loss-of-function zebrafish. Detection
of apoptotic cells by TUNEL staining at 10 hpf was performed using the
In Situ Cell Death Detection Kit (Roche) as described previously (60).

Statistics. Statistical evaluation was performed depending on the
experiment by using a 2-tailed Student'’s ¢ test or 2-sample Poisson
tests, as specifically indicated for each experiment in the figure leg-
ends. A Pvalue of less than 0.05 was considered significant.

Study approval. All biological samples and photographs were
obtained following written informed consent from the patient. The
International Registry of Werner Syndrome has been recruiting patients
suspected of Werner syndrome since 1988. The study has ongoing
approval from the IRB of the University of Washington. This study was
performed in accordance with Declaration of Helsinki protocols.
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