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Abstract

The oncogene Mdmx is overexpressed in many human malignancies, and together with Mdm2,
negatively regulates the p53 tumor suppressor. However, a p53-independent function of Mdmx
that impacts genome stability has been described, but this function is not well understood. In the
present study, we determined that of the thirteen different cancer types evaluated, 6-90% of those
that had elevated levels of Mdmx had concurrent inactivation (mutated or deleted) of p53. We
show elevated levels of Mdmx inhibited double-strand DNA break repair and induced
chromosome and chromatid breaks independent of p53, leading to genome instability. Mdmx
impaired early DNA damage response signaling, such as phosphorylation of the serine/threonine-
glutamine motif, mediated by the ATM kinase. Moreover, we identified Mdmx associated with
Nbs1 of the Mrel1-Rad50-Nbsl (MRN) DNA repair complex, and this association increased upon
DNA damage and was detected at chromatin. Elevated Mdmx levels also increased cellular
transformation in a p53-independent manner. Unexpectedly, all Mdmx-mediated phenotypes also
occurred in cells lacking Mdm2 and were independent of the Mdm2-binding domain (RING) of
Mdmx. Therefore, Mdmx-mediated inhibition of the DNA damage response resulted in delayed
DNA repair and increased genome instability and transformation independent of p53 and Mdmz2.
Our results reveal a novel p53- and Mdm2-independent oncogenic function of Mdmx that provides
new insight into the many cancers that overexpress Mdmx.
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Introduction

The E3 ubiquitin ligase Mdm2, a negative regulator of the p53 tumor suppressor, is
frequently overexpressed in many human malignancies.13 While it is established that
Mdm?2 inhibits p53, studies have identified other functions of Mdm2 that impact genome
stability that are independent of p53 and contribute to tumorigenesis.*~” We, specifically,
discovered a novel p53-independent association between Mdm2 and Nbs1 of the Mrel1-
Rad50-Nbs1 (MRN) DNA repair complex.®6:8 The MRN complex is important in sensing
and processing double-strand DNA breaks, as well as activating downstream DNA damage
response proteins that mediate or signal for DNA repair, such as the DNA damage-induced
kinase ATM.%-13 Through binding Nbs1, elevated levels of Mdm?2 delay double-strand
DNA break repair independent of its E3 ubiquitin ligase activity and p53 status. Ultimately,
Mdm2 overexpression results in increased genome instability that can occur independent of
its regulation of p53.6:8

Genome instability is a hallmark of cancer and is a known contributor to tumorigenesis.1415
While the exact causes of genomic instability continue to be elucidated, altered DNA repair
has been implicated as a significant contributing factor.10 DNA breaks must be repaired
efficiently and accurately or structural abnormalities, such as chromosome breaks or fusions,
can result. This is evident in patients with congenital mutations in DNA repair proteins, such
as NBS1 and ATM. Cells from these patients have increased chromosomal fragility, and the
patients themselves have an increased incidence of tumor formation.10.16.17

MDMX, also known as MDM4, is overexpressed or amplified in at least 15% of human
cancers.318-20 Most studies evaluated mRNA, which likely underestimates the frequency of
Mdmx protein overexpression. Elevated levels of levels of MDMX mRNA are detected in
65% of retinoblastomas and the same percentage of cutaneous melanomas overexpress
MDMX protein.21:22 Mdmx was initially described as an Mdm2 homologue with high
conservation in the N-terminal p53 binding domain and the C-terminal RING domain;23
however, Mdmx appears to differ functionally from Mdm2. While Mdmx negatively
regulates p53, it does so through inhibiting p53 transcriptional activity rather than promoting
p53 degradation through ubiquitination, as is the case for Mdm2.2425 Additionally, it has
been shown that through their RING domains, Mdmx binds Mdm2 and enhances the ability
of Mdm2 to regulate p53.23.24:26-28 Although Mdmx inhibits p53 function, homozygous
Myc-tagged Mdmx transgene expression was embryonic lethal, and this could not be
rescued with deletion of p53,29 suggesting a p53-independent function of Mdmx in
development. Moreover, human tumors with MDMX overexpression may also have
inactivated p53,3:19:30.31 which indicates a potential oncogenic benefit to the cancer cells
from Mdmx overexpression in addition to its inhibition of p53.

Recent studies determined that Mdmx influences genome stability independent of p53.32:33
However, its function in genome instability remained unclear. In this study, we identified a
novel p53-independent function of Mdmx that leads to genome instability. We determined
Mdmx associates with Nbs1 of the MRN DNA repair complex, and its overexpression
delayed DNA damage response signals and double-strand DNA break repair. Elevated
Mdmx levels increased chromosome and chromatid breaks as well as promoted
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transformation in vitro. These effects of Mdmx did not require either p53 or Mdm2 and
revealed a novel p53- and Mdm2-independent function of Mdmx that would contribute to
tumorigenesis.

Results

A subset of human cancers both overexpress MDMX and inactivate p53

Elevated MDMX levels through amplification or overexpression have been reported for
numerous human malignancies.3-18-22 Studies have also shown MDMX is overexpressed in
cancers that have mutated p53, indicating that they are not mutually exclusive events during
tumorigenesis.3:19:30.31 Analysis of the data in The Cancer Genome Atlas provides further
evidence that a certain fraction of multiple cancers have overexpressed MDMX
(amplification or mMRNA) concurrently with inactivated (mutated or deleted) p53 (Table
1;34:35), Specific cancers, such as ovarian serous cystadenocarcinoma and lung squamous
cell carcinoma show a high frequency (77-90%) of tumors that overexpress MDMX also
have inactivated p53. For breast cancer, 27% that overexpress MDMX showed concurrent
p53 inactivation (Table 1), and 30% (12 of 40 cell lines) of an aggressive form of breast
cancer have increased Mdmx protein together with mutated p53.31 In the tumors that had
increased levels of MDMX, 10 of the 13 cancer types evaluated also had alterations in p53
in at least 10% of them (Table 1). These data, together with previous studies, suggest certain
tumor types or subsets of specific tumor types may select for co-alteration of Mdmx and
p53.

Elevated Mdmx increases genome instability independent of p53

Genome instability is observed in many malignancies and is considered a hallmark of
cancer.1> Mdmx has been shown to enhance functions of Mdm2 (e.g. negative regulation of
p53;23:24,.26-28). therefore, we postulated elevated Mdmx levels would enhance the ability of
Mdm2 to promote genome instability. Since Mdmx could potentially influence genome
stability through its regulation of p53, we utilized p53~/~ murine embryonic fibroblasts
(MEFs) for these studies. To mimic the cancer situation, we overexpressed Mdmx in p53™/~
MEFs with a bicistronic retrovirus encoding HA-tagged Mdmx and YFP or as a control,
YFP alone. Metaphases were then evaluated for chromosome aberrations. Mdmx
overexpression alone significantly increased the prevalence of cells with breaks (chromatid
or chromosome; Figure 1). There was a 4.9-fold increase in chromatid breaks and a 2.8-fold
increase in chromosome breaks in p53~~ MEFs with elevated Mdmx compared to control
p53~/~ MEFs (Figure 1). These results indicate elevated levels of Mdmx were capable of
inducing genome instability, and this was independent of p53.

Mdmx inhibits double-strand DNA break repair independent of p53 and Mdm?2

Alterations in DNA repair have been linked to genome instability.1% Previously, we reported
Mdm2 overexpression inhibits double-strand DNA break repair independent of its regulation
of p53.5:6 To determine if Mdmx was modulating genome instability through its interactions
with Mdm2, we first needed to determine the effects of elevated Mdmx levels on double-
strand DNA break repair. p53~/~ MEFs were infected with a bicistronic retrovirus encoding
either YFP alone, FLAG-tagged Mdmx and YFP, or Mdm2 and GFP. Following the
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induction of double-strand DNA breaks using gamma irradiation (yIR), DNA repair was
then assessed using neutral comet assays. While 79% of the control p53~/~ MEFs were able
to repair double-strand DNA breaks within 90 minutes post yIR, only 42% of the p53~/~
MEFs overexpressing Mdmx repaired their DNA breaks (Figure 2A). The percentage of
cells overexpressing Mdmx that repaired their DNA damage was similar to that of cells
overexpressing Mdm2 (Figure 2A). Therefore, Mdmx inhibited DNA double-strand break
repair independent of p53.

To determine if Mdmx was acting through Mdmz2, we generated a deletion mutant of Mdmx
(1-345 amino acids) that lacked its RING domain (MxXARING), and thus, was unable to
heterodimerize with Mdm2.26:27 We assessed the ability of this mutant to increase genome
instability and inhibit DNA repair. Surprisingly, the Mdmx mutant was also able to promote
chromatid and chromosome breaks and inhibit double-strand DNA break repair analogous to
full-length Mdmx (Figures 1A and 2B). Although it has been well established that Mdm2
and Mdmx bind through their RING domains,25-27 it was recently postulated that Mdm2
and Mdmx may associate indirectly through the Mdm2-binding protein, Arf.38 To determine
whether Arf could influence the ability of Mdmx to inhibit DNA repair, we evaluated Arf~/~
MEFs, which contain p53. Both wild-type Mdmx and MxARING effectively delayed
double-strand DNA break repair in cells lacking Arf (Figure 2C). To definitively address the
requirement of Mdm2 for this effect of Mdmx on DNA repair, we utilized MEFs lacking
Mdm2. In p537/~Mdm2~/~ MEFs, Mdmx overexpression resulted in a similar inhibition of
DNA break repair as in the p53~~ MEFs (Figure 2D). Furthermore, full-length Mdmx and
the mutant form of Mdmx (MxARING) similarly inhibited DNA break repair in
p53~~Mdm2~/~ MEFs (Figure 2E). Also, MxARING overexpression in human retinal
epithelial cells that have Arf and p53 also resulted in a delay in DNA break repair
(Supplementary Figure S1A). Therefore, Mdmx inhibits double-strand DNA break repair in
different cell types, and this can occur independent of p53, Arf, and Mdmz2. The data also
illustrate the functional domain of Mdmx responsible for the inhibition in DNA repair is
within amino acids 1-345.

Mdmx delays and alters the early DNA damage response

Following double-strand DNA break repair, the histone variant H2AX is rapidly
phosphorylated (YH2AX). The presence of this phosphorylation site indicates activation of
the DNA damage response pathway and is a marker of DNA double-strand break sites.?37
Therefore, we evaluated YH2AX foci and protein levels immediately following and at later
times after induction of DNA breaks to assess initiation of the DNA damage response and
subsequent resolution of the DNA damage. Similar to Mdm2 overexpression, p53~/~ MEFs
with elevated Mdmx or the MXARING mutant were inhibited in their ability to form yH2AX
foci immediately following vIR, as they showed a decreased mean number of foci compared
to control 10 minutes post yIR (Figure 3A; Supplementary Figures S1B and S2). In addition,
the resolution of yH2AX foci was also delayed by Mdmx expression. Cells overexpressing
Mdmx or MXARING had an increased mean number of foci 150 minutes after yIR compared
to the vector control cells (Figure 3A; Supplementary Figure S2). Similar results were
obtained in MEFs lacking Mdm2 and in human retinal epithelial cells that express ARF and
p53 (Figure 3A and Supplementary Figure S1B). Ranking of yH2AX foci in individual cells
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from a representative experiment of p53~/~ and p53~/~Mdm2~/~ MEFs revealed that there
was an overall reduction in foci at 5 minutes and an overall increase in foci at 150 minutes
following vIR in the Mdmx and the MXARING expressing MEFs (Figure 3B). These data
further establish the inhibitory effects of Mdmx on the DNA damage signaling response and
illustrate that the mean values of the YH2AX foci in Figures 3A were not due to extremes at
either end. Moreover, evaluation of yH2AX protein showed that levels were reduced in cells
overexpressing either Mdmx or MXARING early (10 and 30 min) after yIR compared to
control (Figure 3C). Later (75 min) after yIR, YH2AX protein levels were elevated compared
to controls in both p53~/~ and p53~~Mdm2~/~ MEFs (Figure 3C). Taken together, these data
indicate increased levels of Mdmx inhibit an early DNA damage signaling response, leading
to an extension of this response and a delay in the resolution of the DNA breaks.

ATM is a DNA damage response kinase that phosphorylates H2AX and hundreds of other
proteins upon double-strand DNA breaks.38 The phosphorylation site ATM prefers is a
serine or threonine followed by a glutamine (S/T-Q).38:39 To further investigate the effects
of Mdmx on the early DNA damage signaling response, we carefully evaluated ATM-
induced phosphorylation events over time by quantifying phosphorylated S/T-Q (pS/T-Q)
sites on a per cell basis using immunofluorescence. Following yIR of p53~/~ MEFs, the
number of pS/T-Q foci peak within 20 minutes in vector control cells and decrease over the
course of 240 minutes as the DNA is repaired (Figure 3D). In contrast, Mdmx
overexpression inhibits the formation of pS/T-Q foci with an approximate 35% reduction in
the number of foci as compared to vector control cells within the initial 20 minutes
following DNA damage (Figure 3D; Supplementary Figure S1C). Moreover, over the 240
minutes analyzed, Mdmx overexpressing cells fail to increase the number of pS/T-Q foci to
the peak levels observed with vector control MEFs (Figure 3D), indicating DNA damage
response signaling is significantly impaired by increased levels of Mdmx. In addition, as
DNA repair occurs and the number of pS/T-Q foci decreases in control cells, the number of
foci in Mdmx overexpressing cells stays elevated (Figure 3D). Notably, Mdm2 was not
required for Mdmx to exert this effect, as MXARING in p53~~ MEFs and human retinal
epithelial cells and wild-type Mdmx in p53~/~Mdm2~/~ MEFs produced similar results
(Figures 3D and 3E; Supplementary Figure S1C). There were a similar number of foci in all
cells without yIR. Ranking of pS/T-Q foci in individual cells from a representative
experiment for each cell type revealed that there was an overall reduction in foci at 10
minutes, a slightly lower or similar number of foci at 60 minutes, and an overall increase in
foci at 240 minutes following IR in the Mdmx and the MXARING expressing MEFs
(Figure 3F). These data illustrate that elevated levels of Mdmx severely blunt the early DNA
damage response signal mediated by ATM causing the response to be prolonged, resulting
in the delay in DNA break repair observed (Figure 2).

To specifically test the contribution of ATM to the effects of Mdmx in DNA break repair,
we utilized MEFs that lacked Atm. The MEFs also were Arf-null to prevent senescence that
rapidly occurs in cells lacking ATM.40 Overexpression of Mdmx in Atm™~Arf~~ MEFs,
which have an impaired DNA damage response, did not further delay DNA break repair. A
similar number of cells with elevated levels of Mdmx had damaged DNA as compared to the
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vector control cells at each interval evaluated (Supplementary Figure S3). These results
suggest ATM is necessary for Mdmx to inhibit DNA break repair.

Mdmx associates with Nbs1 of the MRN complex

The Mrel1-Rad50-Nbs1 (MRN) complex is necessary for efficient and accurate repair of
double-strand DNA breaks.1% Additionally, Nbs1 of this complex is critical for activating
ATM following double-strand DNA breaks.%11-13 Since we observed Mdmx
overexpression resulted in an altered kinetics of ATM-mediated phosphorylation events and
Mdmz2 is known to bind Nbs1,%6 we evaluated whether Mdmx associates with the MRN
complex. Following transient expression of HA-tagged Mdmx in 293T cells, endogenous
Nbs1, Mrell, and Rad50 co-immunoprecipitated with Mdmx (Figure 4A). This association
also occurred with endogenous Mdmx and was not mediated by Mdm2. Specifically,
endogenous Nbs1 co-immunoprecipitated with endogenous Mdmx in both p53~/~ and
p53~/"Mdm2~/~ MEFs, whereas Nbs1 was not detected in immunoprecipitations from
control MEFs lacking Mdmx (Figure 4B). To narrow the region in Mdmx necessary for its
interaction with the MRN complex, we generated and then evaluated deletion mutants of
Mdmx (Figure 4C). In 293T cells, we transiently expressed either HA-tagged full-length
Mdmyx, a deletion mutant of Mdmx lacking the RING domain (MXARING; aa 1-345) or a
mutant of Mdmx consisting of only amino acids 346-489 and containing the RING domain.
Full-length Mdmx and MXARING (aa 1-345), but not Mdmx 346-489, co-
immunoprecipitated the endogenous MRN complex (Figure 4D). Thus, the region of Mdmx
that associates with the MRN complex lies within amino acids 1-345, the same region that
induced genome instability (Figure 1A) and inhibited DNA break repair (Figure 2;
Supplementary Figure S1A) and the DNA damage response (Figure 3; Supplementary
Figures S1B and S1C).

Mrell of the MRN complex binds to both Nbs1 and Rad50, but Nbs1 does not bind
Rad50.10 To determine with which proteins of the MRN complex Mdmx specifically
interacts, we utilized Nbs1 deletion mutants we previously generated that contain (aa 513-
754) or lack (aa 1-592) the Mre11-binding domain (Figure 4C;>6). We co-expressed HA-
Mdmx and FLAG-tagged full-length Nbs1, Nbs1 1-592, or Nbs1 513-754 in 293T cells.
Both full-length Nbs1 and Nbs1 1-592 co-immunoprecipitated with Mdmx, but Nbs1 513-
754 did not (Figure 4E). These data indicate Mdmx interacts with Nbs1 and not Mrel1 or
Rad50. To further narrow the region in Nbs1 responsible for mediating the association with
Mdmx, we utilized additional Nbs1 deletion mutants (Figure 4C). In addition, to eliminate
the possibility of Mdm2 mediating the interaction between Mdmx and Nbs1, we utilized
Mdmx lacking its RING domain (Mdmx 1-345; MXARING). HA-MxARING was co-
expressed with FLAG tagged Nbs1 179-542, Nbs1 179-395, or full-length Nbs1 in 293T
cells. Nbsl1 179-542, but not Nbs1 179-395, co-immunoprecipitated with MXARING
(Figure 4F). Similar results were obtained when full-length Mdmx was overexpressed (data
not shown). The data indicate the region of Nbs1 mediating the interaction with Mdmx is
within amino acids 396-512. We compared the 31 amino acid Nbs1-binding domain we
previously identified in Mdm28 to the entire length of Mdmx and determined that this
sequence was not conserved in Mdmx. Collectively, the data show the RING domain of
Mdmx is dispensable for its interaction with Nbs1 of the MRN complex, and a specific

Oncogene. Author manuscript; available in PMC 2015 August 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrillo et al. Page 7

region of Nbsl is required for this association. Additionally, the Mdmx:Nbs1 association
was independent of the interaction of either with Mdm2.

Interaction of Mdmx and Nbs1 at chromatin following DNA damage

The MRN complex serves as a sensor of double-strand DNA breaks and mediator of the
repair process.}0 Mre11 and Rad50 bind directly to DNA, and Nbs1 binds indirectly through
Mdc1-mediated association with yH2AX at sites of DNA damage.9104142 Since Mdmx
interacts with Nbs1 of the MRN complex (Figure 4A—F) and alters DNA repair (Figures 2
and 3; Supplementary Figures S1-3), we evaluated whether Mdmx was recruited to
chromatin after DNA damage. To address this, we isolated chromatin-bound proteins with
cellular fractionation following yIR and evaluated the levels of Mdmx. Rapidly after DNA
damage, there were increased levels of Mdmx in the chromatin-bound protein fraction of
cells, with the levels of Mdmx associating with chromatin appearing to decrease with time
as DNA was repaired (Figure 4G). We next tested whether Mdmx and Nbs1 interacted at
chromatin after DNA damage. Following yIR of p53~/~Mdm2~/~ MEFs,
immunoprecipitation of Mdmx from the chromatin-bound protein fraction showed increased
levels of Nbs1 co-immunoprecipitating with Mdmx (Figure 4H). Specifically, there was
increased association between Mdmx and Nbs1 within 5 minutes after DNA damage that
stayed elevated over the 60 minutes of analysis. Therefore, DNA double-strand breaks cause
an increase in Mdmx:Nbs1 interaction at chromatin.

Mdmx increases genome instability independent of Mdm2

Although Mdmx inhibited DNA repair and DNA damage signaling independent of both p53
and Mdmz2, it was unclear whether the genome instability detected (Figure 1) was dependent
on the presence of Mdm2. To address this, we analyzed metaphases from p53~/~Mdm2~/~
MEFs expressing either empty vector or HA-tagged Mdmx. Mdmx overexpression resulted
in a significant increase in the frequency of cells containing breaks (chromatid and
chromosome) (Figure 5A). Specifically, there was a 3-fold increase of cells with either
chromatid or chromosome breaks. Chromosome fusions, which result from chromosome
breaks, showed a 5-fold increase in Mdmx overexpressing p53~~Mdm2~/~ MEFs compared
to controls (Figure 5B). Although rare, we also detected other structural abnormalities, such
as radials, in the Mdmx overexpressing MEFs that were not present in the controls (Figure
5C). Moreover, only the Mdmx overexpressing p53~~Mdm2~/~ MEFs had more than one
chromosomal aberration in individual cells (Figure 5D). These results demonstrate that
elevated levels of Mdmx increase genome instability independent of Mdm2.

Increased transformation potential with elevated levels of Mdmx

We have determined that Mdmx promotes genome instability independent of p53, and
genome instability is linked to tumorigenesis.1> Moreover, it has been reported that elevated
Mdmx levels are observed in many tumors.3-18-22 Therefore, we tested whether elevated
Mdmx levels would promote transformation independent of its regulation of p53, using in
vitro soft agar colony formation assays. Overexpression of either Mdmx or MXARING in
p53~/~ MEFs resulted in a significant increase in the number of colonies compared to vector
control (Figure 6A). To determine whether Mdmx promoted transformation independent of
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its association with Mdm2, we evaluated colony formation in p53~/-Mdm2~/~ MEFs. We
observed that Mdmx overexpression resulted in a significant increase in colony formation
compared to vector control (Figure 6B). Therefore, Mdmx overexpression promoted
transformation, and this was independent of its regulation of p53 and did not require Mdm2.

Discussion

While it is clear Mdmx regulates p53,2543 the identification of Mdmx overexpression in
tumors with mutated or deleted p53 and effects of Mdmx on genome instability in cells
lacking p53 indicate p53-independent functions of Mdmx.3:19:30-33 et identification of the
p53-independent functions of Mdmx remained elusive. Here, we describe a novel protein
interaction and function of Mdmx that neither required p53 nor surprisingly, Mdm2. We
determined Mdmx interacts with the MRN complex and delays the early DNA damage
signaling response, resulting in reduced DNA repair and increased genome instability and
cellular transformation. Our results provide new and unexpected insight into Mdmx function
and its oncogenic contributions to tumorigenesis.

Our data show Mdmx overexpression delayed the early DNA damage response that is
mediated by the DNA damage-induced kinase ATM. Phosphorylation of H2AX and S/T-Q
sites, both of which are targets of ATM, occurs rapidly after DNA breaks.%37:38 Full
activation of ATM following DNA double-strand breaks requires Nbs1 of the MRN
complex.911-13 We detected Mdmx and Nbs1 interaction that increased following DNA
double-strand breaks. While an overall reduction in Mdmx protein following genotoxic
stress has been reported,**~47 we observed increased levels of Mdmx protein localizing to
chromatin and associating with Nbs1 following DNA damage. Our measurements of the
effects of elevated levels of Mdmx on the early DNA damage response through
phosphorylation of S/T-Q sites and H2AX revealed three important findings. Firstly, Mdmx
slowed the initial kinetics of S/T-Q and H2AX phosphorylation. Secondly, Mdmx decreased
the amplitude of the initial DNA damage response, as the peak of S/T-Q phosphorylation in
Mdmx overexpressing MEFs never reached the peak detected in control MEFs. Finally,
Mdmx delayed the resolution of pS/T-Q and yH2AX foci leading to a higher number of foci
at later times after DNA damage, prolonging the DNA damage response. These data indicate
Mdmx blunts the initial DNA damage response allowing DNA damage to persist, and this
should result in a delay in DNA repair, which is what we detected. Consistent with our data,
transient inhibition of ATM for one hour led to increased chromosome aberrations following
vIR.48:49 Our results indicate Mdmx inhibits phosphorylation of ATM targets resulting in a
delay in DNA repair and an increase in chromosome and chromatid breaks. Moreover, the
inhibition of DNA repair signals by Mdmx, which results in severe consequences for the
ability of cells to repair damaged DNA, ultimately promotes transformation.

The RING domain of Mdmx is required to bind to Mdm2 through its RING domain.26:27
Mice engineered to express Mdmx lacking its RING domain or containing a mutant RING
domain die in utero, and this phenotype was rescued with deletion of p53.50:51 These results
indicate Mdmx:Mdm?2 interactions are critical to control p53 during development, but since
DNA repair was not investigated, it may also indicate that simultaneously the more stable
mutant Mdmx was also inhibiting DNA break repair, which contributed to the death of the
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embryo. We show that Mdmx lacking its RING domain was as capable as wild-type Mdmx
of interacting with Nbs1, inhibiting the DNA damage signal, delaying DNA repair, and
inducing genome instability and transformation. Furthermore, this mutant form of Mdmx
effectively inhibited DNA break repair in human retinal epithelial cells, which retain p53
and Arf and frequently overexpress MDMX when transformed, as in retinoblastoma.?2 Full-
length Mdmx had similar effects in MEFs lacking Mdm2. We were initially surprised that
Mdmx could have negative effects on DNA damage signaling and repair independent of its
interaction with Mdm2, but it is known that Mdmx can regulate p53 independent of
Mdm2.2543 Qur data also reveal the regulation of the DNA break repair response by Mdmx
and Mdmz2 is a conserved function of this family of proteins, akin to their regulation of p53,
and is present in multiple cell types.

Genome instability can be a precursor to tumor formation, is a hallmark of malignant cells,
and is connected with impairments in the DNA damage response.1915 When Mdmx levels
were elevated, which occurs during tumorigenesis, we observed a significant increase in
genome instability and transformation that are attributed to an inhibition in the DNA damage
response. These effects of Mdmx were independent of both p53 and Mdm2. Mdmx
overexpression led to an increase in both chromatid and chromosome breaks, fusions (an
indicator of chromosome breaks), and the appearance of other structural abnormalities. Loss
of Mdmx also led to genome instability in MEFs lacking p53. Specifically, Mdmx~/~p53~/~
MEFs had multipolar spindle formation and altered chromosome number.32:33 Thus, the
data indicate that either gain or loss of Mdmx negatively impacts genome integrity,
highlighting the critical role Mdmx levels have in contributing to genome instability.

Recently, it was reported that transgenic mice overexpressing Mdmx had an increased
incidence of malignancies.?? Although the p53-independent contribution of Mdmx to
tumorigenesis was not evaluated in this study, our results provide new insight into the
oncogenic effects of Mdmx. Our data demonstrate Mdmx overexpression was sufficient to
induce transformation of p53-null cells. These findings indicate a role for Mdmx in
tumorigenesis independent of p53 that is supported with data from patient samples.
Specifically, in a subset of human tumors that have overexpressed or amplified Mdmx, p53
is inactivated (deleted or mutated), suggesting that there is an advantage for some cancer
cells to both overexpress Mdmx and inactivate p53. In addition, Mdmx promoted
transformation independent of Mdm2, indicating that although they bind, Mdmx can
function as an oncogene without Mdm2. Taken together, these data further establish the
oncogenic nature of Mdmx and provide insight into a new function of Mdmx in the DNA
damage response that contributes to cellular transformation. Additionally, since Mdmx is
capable of oncogenic activity independent of p53 or Mdmz2, this emphasizes the importance
of future studies focused on targeting Mdmx in tumors that lack functional p53.

Materials and Methods

Cell culture

p53~/~, Arf~~ and p53~/~Mdm2~/~ murine embryonic fibroblasts (MEFs) were isolated and
cultured as previously described.53 Atm™~Arf~~ were provided by Dr. Michael Kastan
(Duke University), and the p53~/~Mdmx~/~ MEFs were provided by Dr. Stephen Jones
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(University of Massachusetts). 293T cells were cultured as described by the American Type
Culture Collection (Manassas, VA). Human retinal epithelial cells were provided by Dr.
David Cortez (Vanderbilt University) and were cultured in Dulbecco's modified Eagle's
medium/F12 medium supplemented with 0.258% sodium bicarbonate and 10% fetal bovine
serum.

Plasmids, viral vector construction, and infection

Wild-type full-length N-terminal FLAG-tagged murine Mdmx in the pBabe retroviral
construct was generously provided by Dr. Jean-Christophe Marine (VIB, Belgium). Using
PCR and restriction enzyme digests of wild-type full-length Mdmx, deletion mutants of
Mdmx containing amino acids 1-345 (MxXARING) or 346-489 (Mx 346-489) were
generated and cloned into the pcDNA3 vector. Wild-type full-length Mdmx and both Mdmx
mutants were also subcloned into the MSCV-IRES-YFP retroviral vector. The MSCV-
Mdm2-IRES-GFP retroviral vector was previously reported.>® Retroviruses were generated,
and MEFs were infected as previously reported.>3 YFP and GFP fluorescence was evaluated
by flow cytometry. HA-tagged Mdmx was generated by restriction digest, cloning it into the
pJ3H vector and then subcloning the HA-tagged cDNA into the pcDNAS3 vector. Vectors
encoding FLAG-tagged wild type and deletion mutants of Nbs1 were generated previously.6

Metaphase preparation and analysis

p53~~ and p53/~"Mdm2~/~ MEFs, which were between passage 8-28 and thus, had a
relatively stable tetraploid genome, were infected with retroviral vectors encoding YFP,
YFP and full-length Mdmx, or YFP and MXARING. Metaphases were prepared
approximately 48 hours later and analyzed as previously described.8:54 A minimum of two
independent experiments were performed and the results pooled. Statistical significance was
determined using a Fisher’s exact test with a p value of <0.05 considered significant.

Comet Assay and Immunofluorescence

MEFs and human retinal epithelial cells infected with a bicistronic retrovirus encoding YFP
alone, YFP and Mdmx or MXARING, or GFP and Mdm2 were exposed to 5 Gy yIR (137Cs
source). Neutral comet assays were performed at intervals as previously described® to
detect double-strand DNA breaks. yH2AX or pS-T/Q foci were detected by
immunofluorescence and analyzed as previously described.® The number of yH2AX and pS-
T/Q foci per cell for at least 40 and 39 cells, respectively, per individual condition was
quantified. A minimum of three independent experiments were performed for all analyses.
Statistical significance was determined by the student’s t-test for the comet assay data and
using a confidence interval of 95% for all foci analyses.

Transfections and protein analyses

HA-tagged full-length Mdmx or Mdmx deletion mutants or FLAG-tagged full-length Nbs1
or Nbs1 deletion mutant constructs were transiently transfected into 293T cells. Whole cell
protein lysates were generated and proteins were immunoprecipitated as previously
described.>8 For protein analysis of yH2AX, MEFs were exposed to 5 Gy of yIR, and at the
indicated intervals, cells were harvested and lysates generated as previously described.® For
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chromatin fractionation, at indicated intervals following exposure to 5 Gy of IR, the
chromatin fraction was isolated from MEFs as previously described.>® For all lysates,
following separation of proteins by SDS-PAGE and transfer to nitrocelluose, proteins were
subjected to western blot analysis as previously described.> Antibodies previously
described®® except anti-Mdmx, which was from Sigma-Alderich (St Louis, MO).

In vitro transformation assays

p53~/~ and p53~/~Mdm2~/~ MEFs infected with bicistronic retroviral vectors encoding YFP,
YFP and full-length Mdmx, or YFP and MxARING were resuspended in 0.6% agarose/
media and placed in 6 well plates in triplicate on 0.8% agarose/media. Approximately 2
weeks later, colonies were counted. At least two independent experiments consisting of
three replicates each were performed. A student’s t-test determined statistical significance.

The Cancer Genome Atlas (TCGA) data analysis

Gene copy number variation, mutations, and mMRNA expression in cancer data sets were
accessed using cBioPortal (www.cbioportal.org) October 2013. As described on the
cBioPortal website, gene copy number variation was determined by TCGA based on the
GISTIC 2.0 or RAE algorithm, and mutations were determined by whole exome sequencing.
MDMX mRNA levels were evaluated from microarray or RNA sequencing by RNASeqV2,
and Z-scores of 2, which represent 2 standard deviations from the mRNA levels in a
reference tissue (normal or blood), were considered significantly increased.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Brandon Metge for technical expertise; Dr. Jean-Christophe Marine for providing the Mdmx vector; Dr.
Stephen Jones for providing the Mdmx'/‘p53'/' MEFs; members of the Eischen lab for thoughtful discussions and
critical review of this manuscript. This work was supported by NCI grants F31CA150546 (AMC), T32CA009582
(AMC), R01CA117935 (CME), and RO1CA160432 (CME), and NCI Cancer Center Support Grant P30CA068485
utilizing the Flow Cytometry Shared Resource.

References

1. Momand J, Jung D, Wilczynski S, Niland J. The MDM2 gene amplification database. Nucleic Acids
Res. 1998; 26:3453-3459. [PubMed: 9671804]

2. Rayburn E, Zhang R, He J, Wang H. MDM2 and human malignancies: expression, clinical
pathology, prognostic markers, and implications for chemotherapy. Curr Cancer Drug Targets.
2005; 5:27-41. [PubMed: 15720187]

3. Wade M, Li YC, Wahl GM. MDM2, MDMX and p53 in oncogenesis and cancer therapy. Nat Rev
Cancer. 2013; 13:83-96. [PubMed: 23303139]

4. Lundgren K, Montes de Oca Luna R, McNeill YB, Emerick EP, Spencer B, Barfield CR, et al.
Targeted expression of MDMZ2 uncouples S phase from mitosis and inhibits mammary gland
development independent of p53. Genes Dev. 1997; 11:714-725. [PubMed: 9087426]

5. Alt JR, Bouska A, Fernandez MR, Cerny RL, Xiao H, Eischen CM. Mdmz2 binds to Nbsl1 at sites of
DNA damage and regulates double strand break repair. J Biol Chem. 2005; 280:18771-18781.
[PubMed: 15734743]

Oncogene. Author manuscript; available in PMC 2015 August 12.


http://www.cbioportal.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrillo et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 12

. Bouska A, Lushnikova T, Plaza S, Eischen CM. Mdm2 promotes genetic instability and

transformation independent of p53. Mol Cell Biol. 2008; 28:4862—-4874. [PubMed: 18541670]

. Jones SN, Hancock AR, Vogel H, Donehower LA, Bradley A. Overexpression of Mdm2 in mice

reveals a p53-independent role for Mdm2 in tumorigenesis. Proc Natl Acad Sci U S A. 1998;
95:15608-15612. [PubMed: 9861017]

. Melo AN, Eischen CM. Protecting the genome from mdm2 and mdmx. Genes Cancer. 2012; 3:283—

290. [PubMed: 23150761]

. Bekker-Jensen S, Mailand N. Assembly and function of DNA double-strand break repair foci in

mammalian cells. DNA Repair (Amst). 2010; 9:1219-1228. [PubMed: 21035408]

Stracker TH, Petrini JH. The MRE11 complex: starting from the ends. Nat Rev Mol Cell Biol.
2011; 12:90-103. [PubMed: 21252998]

Uziel T, Lerenthal Y, Moyal L, Andegeko Y, Mittelman L, Shiloh Y. Requirement of the MRN
complex for ATM activation by DNA damage. Embo J. 2003; 22:5612-5621. [PubMed:
14532133]

Lee JH, Paull TT. ATM activation by DNA double-strand breaks through the Mre11-Rad50-Nbs1
complex. Science. 2005; 308:551-554. [PubMed: 15790808]

Difilippantonio S, Celeste A, Fernandez-Capetillo O, Chen HT, Reina San Martin B, Van Laethem
F, et al. Role of Nbs1 in the activation of the Atm kinase revealed in humanized mouse models.
Nat Cell Biol. 2005; 7:675-685. [PubMed: 15965469]

Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability--an evolving hallmark of cancer.
Nat Rev Mol Cell Biol. 2010; 11:220-228. [PubMed: 20177397]

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144:646-674.
[PubMed: 21376230]

Varon R, Vissinga C, Platzer M, Cerosaletti KM, Chrzanowska KH, Saar K, et al. Nibrin, a novel
DNA double-strand break repair protein, is mutated in Nijmegen breakage syndrome. Cell. 1998;
93:467-476. [PubMed: 9590180]

Carney JP, Maser RS, Olivares H, Davis EM, Le Beau M, Yates JR 3rd, et al. The hMre11/hRad50
protein complex and Nijmegen breakage syndrome: linkage of double-strand break repair to the
cellular DNA damage response. Cell. 1998; 93:477-486. [PubMed: 9590181]

Danovi D, Meulmeester E, Pasini D, Migliorini D, Capra M, Frenk R, et al. Amplification of
Mdmx (or Mdm4) directly contributes to tumor formation by inhibiting p53 tumor suppressor
activity. Mol Cell Biol. 2004; 24:5835-5843. [PubMed: 15199139]

Ramos YF, Stad R, Attema J, Peltenburg LT, van der Eb AJ, Jochemsen AG. Aberrant expression
of HDMX proteins in tumor cells correlates with wild-type p53. Cancer Res. 2001; 61:1839-1842.
[PubMed: 11280734]

Leventaki V, Rodic V, Tripp SR, Bayerl MG, Perkins SL, Barnette P, et al. TP53 pathway analysis
in paediatric Burkitt lymphoma reveals increased MDM4 expression as the only TP53 pathway
abnormality detected in a subset of cases. Br J Haematol. 2012; 158:763-771. [PubMed:
22845047]

Gembarska A, Luciani F, Fedele C, Russell EA, Dewaele M, Villar S, et al. MDM4 is a key
therapeutic target in cutaneous melanoma. Nat Med. 2012; 18:1239-1247. [PubMed: 22820643]
Laurie NA, Donovan SL, Shih CS, Zhang J, Mills N, Fuller C, et al. Inactivation of the p53
pathway in retinoblastoma. Nature. 2006; 444:61-66. [PubMed: 17080083]

Shvarts A, Steegenga WT, Riteco N, van Laar T, Dekker P, Bazuine M, et al. MDMX: a novel
p53-binding protein with some functional properties of MDM2. Embo J. 1996; 15:5349-5357.
[PubMed: 8895579]

Stad R, Little NA, Xirodimas DP, Frenk R, van der Eb AJ, Lane DP, et al. Mdmx stabilizes p53
and Mdm2 via two distinct mechanisms. EMBO Rep. 2001; 2:1029-1034. [PubMed: 11606419]
Marine JC, Dyer MA, Jochemsen AG. MDMX: from bench to bedside. J Cell Sci. 2007; 120:371-
378. [PubMed: 17251377]

Tanimura S, Ohtsuka S, Mitsui K, Shirouzu K, Yoshimura A, Ohtsubo M. MDM2 interacts with
MDMX through their RING finger domains. FEBS Lett. 1999; 447:5-9. [PubMed: 10218570]

Oncogene. Author manuscript; available in PMC 2015 August 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrillo et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 13

Sharp DA, Kratowicz SA, Sank MJ, George DL. Stabilization of the MDM2 oncoprotein by
interaction with the structurally related MDMX protein. J Biol Chem. 1999; 274:38189-38196.
[PubMed: 10608892]

Pei D, Zhang Y, Zheng J. Regulation of p53: a collaboration between Mdm2 and Mdmx.
Oncotarget. 2012; 3:228-235. [PubMed: 22410433]

De Clercq S, Gembarska A, Denecker G, Maetens M, Naessens M, Haigh K, et al. Widespread
overexpression of epitope-tagged Mdm4 does not accelerate tumor formation in vivo. Mol Cell
Biol. 2010; 30:5394-5405. [PubMed: 20855528]

Giglio S, Mancini F, Gentiletti F, Sparaco G, Felicioni L, Barassi F, et al. Identification of an
aberrantly spliced form of HDMX in human tumors: a new mechanism for HDMZ2 stabilization.
Cancer Res. 2005; 65:9687-9694. [PubMed: 16266988]

Lam S, Lodder K, Teunisse AF, Rabelink MJ, Schutte M, Jochemsen AG. Role of Mdm4 in drug
sensitivity of breast cancer cells. Oncogene. 2010; 29:2415-2426. [PubMed: 20140020]
Matijasevic Z, Steinman HA, Hoover K, Jones SN. MdmX promotes bipolar mitosis to suppress
transformation and tumorigenesis in p53-deficient cells and mice. Mol Cell Biol. 2008; 28:1265—
1273. [PubMed: 18039860]

Matijasevic Z, Krzywicka-Racka A, Sluder G, Jones SN. MdmX regulates transformation and
chromosomal stability in p53-deficient cells. Cell Cycle. 2008; 7:2967-2973. [PubMed:
18818521]

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics
portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discov.
2012; 2:401-404. [PubMed: 22588877]

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of
complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal. 2013; 6:pl1.
[PubMed: 23550210]

Li X, Gilkes D, Li B, Cheng Q, Pernazza D, Lawrence H, et al. Abnormal MDMX degradation in
tumor cells due to ARF deficiency. Oncogene. 2012; 31:3721-3732. [PubMed: 22120712]
Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA double-stranded breaks induce
histone H2AX phosphorylation on serine 139. J Biol Chem. 1998; 273:5858-5868. [PubMed:
9488723]

Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER 3rd, Hurov KE, Luo J, et al. ATM and
ATR substrate analysis reveals extensive protein networks responsive to DNA damage. Science.
2007; 316:1160-1166. [PubMed: 17525332]

Kim ST, Lim DS, Canman CE, Kastan MB. Substrate specificities and identification of putative
substrates of ATM kinase family members. J Biol Chem. 1999; 274:37538-37543. [PubMed:
10608806]

Kamijo T, van de Kamp E, Chong MJ, Zindy F, Diehl JA, Sherr CJ, et al. Loss of the ARF tumor
suppressor reverses premature replicative arrest but not radiation hypersensitivity arising from
disabled atm function. Cancer Res. 1999; 59:2464-2469. [PubMed: 10344759]

Lukas C, Melander F, Stucki M, Falck J, Bekker-Jensen S, Goldberg M, et al. Mdc1 couples DNA
double-strand break recognition by Nbs1 with its H2AX-dependent chromatin retention. Embo J.
2004; 23:2674-2683. [PubMed: 15201865]

Stucki M, Clapperton JA, Mohammad D, Yaffe MB, Smerdon SJ, Jackson SP. MDC1 directly
binds phosphorylated histone H2AX to regulate cellular responses to DNA double-strand breaks.
Cell. 2005; 123:1213-1226. [PubMed: 16377563]

Wade M, Wang YV, Wahl GM. The p53 orchestra: Mdm2 and Mdmx set the tone. Trends Cell
Biol. 2010; 20:299-309. [PubMed: 20172729]

Pan Y, Chen J. MDM2 promotes ubiquitination and degradation of MDMX. Mol Cell Biol. 2003;
23:5113-5121. [PubMed: 12860999]

Kawai H, Wiederschain D, Kitao H, Stuart J, Tsai KK, Yuan ZM. DNA damage-induced MDMX
degradation is mediated by MDM2. J Biol Chem. 2003; 278:45946-45953. [PubMed: 12963717]
Pereg Y, Shkedy D, de Graaf P, Meulmeester E, Edelson-Averbukh M, Salek M, et al.
Phosphorylation of Hdmx mediates its Hdm2- and ATM-dependent degradation in response to
DNA damage. Proc Natl Acad Sci U S A. 2005; 102:5056-5061. [PubMed: 15788536]

Oncogene. Author manuscript; available in PMC 2015 August 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Carrillo et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 14

Chen L, Gilkes DM, Pan Y, Lane WS, Chen J. ATM and Chk2-dependent phosphorylation of
MDMX contribute to p53 activation after DNA damage. Embo J. 2005; 24:3411-3422. [PubMed:
16163388]

White JS, Choi S, Bakkenist CJ. Irreversible chromosome damage accumulates rapidly in the
absence of ATM kinase activity. Cell Cycle. 2008; 7:1277-1284. [PubMed: 18418045]

White JS, Choi S, Bakkenist CJ. Transient ATM Kkinase inhibition disrupts DNA damage-induced
sister chromatid exchange. Sci Signal. 2010; 3:ra44. [PubMed: 20516478]

Pant V, Xiong S, lwakuma T, Quintas-Cardama A, Lozano G. Heterodimerization of Mdm2 and
Mdm4 is critical for regulating p53 activity during embryogenesis but dispensable for p53 and
Mdmz2 stability. Proc Natl Acad Sci U S A. 2011; 108:11995-12000. [PubMed: 21730132]
Huang L, Yan Z, Liao X, Li Y, Yang J, Wang ZG, et al. The p53 inhibitors MDM2/MDMX
complex is required for control of p53 activity in vivo. Proc Natl Acad Sci U S A. 2011;
108:12001-12006. [PubMed: 21730163]

Xiong S, Pant V, Suh YA, Van Pelt CS, Wang Y, Valentin-Vega YA, et al. Spontaneous
tumorigenesis in mice overexpressing the p53-negative regulator Mdm4. Cancer Res. 2010;
70:7148-7154. [PubMed: 20736370]

Zindy F, Eischen CM, Randle DH, Kamijo T, Cleveland JL, Sherr CJ, et al. Myc signaling via the
ARF tumor suppressor regulates p53-dependent apoptosis and immortalization. Genes Dev. 1998;
12:2424-2433. [PubMed: 9694806]

Wang P, Lushnikova T, Odvody J, Greiner TC, Jones SN, Eischen CM. Elevated Mdm2
expression induces chromosomal instability and confers a survival and growth advantage to B
cells. Oncogene. 2008; 27:1590-1598. [PubMed: 17828300]

Braden WA, Lenihan JM, Lan Z, Luce KS, Zagorski W, Bosco E, et al. Distinct action of the
retinoblastoma pathway on the DNA replication machinery defines specific roles for cyclin-
dependent kinase complexes in prereplication complex assembly and S-phase progression. Mol
Cell Biol. 2006; 26:7667—-7681. [PubMed: 16908528]

Oncogene. Author manuscript; available in PMC 2015 August 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Carrillo et al. Page 15
=0. =0.021
A 30,  p=0.0019 12y b4 20, —P=0-0
p=0.033 0 p=0.025
g p=0.0033 o — X —
w25" _“10- (4+]
on 20- =9 3 £m
p= =m 3o
= 15- NT G- L E10.
3 — - O
O © @ pn
210- OE 4 Oo
[ XO o~ g 5-
o 5_I Lo 2_ E
2 O 5
0 T T 0 T 1 0 1 1
Vec Mx Mx Vec Mx Mx Vec Mx Mx
ARING ARING ARING
_10:’ A N r’ » -;\ s
YNy A \ o
K ‘~ 4 . am ot \ P
\ ) M , . - & L) . -
. o - P - LN
' - ’ Ed ‘ <
" - ’\ ')\ "g: .\*
. LI Y v :
A fa N s P 7
- . - - ¢
p . 2 ) P, . R - l’=
- 4 S - L 4 '~ s ‘ . ,'
< . LS - - » \ ,’
. ) 7
- 5 &
ES - >

Figure 1. Elevated Mdmx levels promote genome instability independent of p53
p53~/~ MEFs were infected with a bicistronic retrovirus encoding YFP alone (Vector;

n=96), YFP and HA-Mdmx (n=98), or YFP and HA-Mdmx1-345 (MxARING; n=119). A)
Metaphases were evaluated for chromosome aberrations, and the percentage of cells with the
indicated aberration is graphed. Statistical significance was determined using the Fisher’s
exact test. B) Representative pictures of a chromatid (left) and a chromosome (right) break
in p53~/~ MEFs overexpressing Mdmx. Inset is an expanded view of the aberration marked

by the arrow.
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Figure 2. Mdmx overexpression inhibits double-strand DNA break repair independent of p53

and Mdm?2

p53~/~ (A,B), Arf/~ (C), or p537/~-Mdm2~/~ (D,E) MEFs were infected with a bicistronic
retrovirus encoding YFP alone (Vector), GFP and HA-Mdm2, YFP and FLAG-Mdmx, YFP
and HA-Mdmx, or YFP and HA-MxARING. Western blots of the indicated proteins were
performed. Following 5 Gy of yIR, neutral comet assays were performed at intervals. All
data are a mean of a minimum of three independent experiments. Each symbol in B, C, and
E is the mean of an individual experiment and the line is the mean of all experiments. Error
bars represent SEM. *p < 0.01 in A; *p < 0.05 in D; each compared to vector control;
student’s t-test.
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Figure 3. Elevated Mdmx impairsthe early DNA damage response signal
p53~~ (A-D, F) or p53~/"Mdm2~/~ (A-C, E, F) MEFs were infected with a bicistronic
retrovirus encoding YFP alone (vector, V), YFP and full-length HA-Mdmx (Mx) or YFP
and HA-MxARING (MxAR). A, B, D-F) Following exposure to 5 Gy of yIR, MEFs were
fixed at the indicated intervals and immunofluorescence for yYH2AX (A, B) or pS/T-Q (D-F)
was performed. The number of foci per cell was quantified. (A, D, E) The mean of at least
three independent experiments is graphed. Error bars represent SEM, and significance
determined using a confidence interval of 95%. (B, F) Ranking of yH2AX (B) and pS/T-Q
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(F) foci in individual cells was graphed for a representative experiment in both MEF
genotypes. C) Western blot analysis of whole cell lysates for the proteins indicated to the
left of the panels at the indicated intervals following vIR.
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Figure 4. Mdmx associates with Nbsl independent of Mdm2
A) Whole cell lysates (WCL) from HA-Mdmx expressing 293T cells were

immunoprecipitated (IP) with anti-HA or isotype control antibody and Western blotted. B)
Whole cell lysates from p53~~, p53~-Mdm2~/-, or p53~"Mdmx~/~ were
immunoprecipitated with anti-Mdmx or isotype control antibody and Western blotted. C)
Schematic representation of full-length Mdmx and Nbs1 and deletion mutants of each.
Binding domains for p53, Mdm2, Mrell, and the acidic, Zinc (Zn), RING, forkhead-
associated (FHA), and BRCT domains, and the nuclear localization sequences (NLS) are
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shown. D-F) 293T cells transfected with empty vector or vectors encoding protein tagged
full-length or deletion mutants of Mdmx or Nbs1 as indicated. Whole cell lysates (left
panels) and anti-HA or anti-FLAG immunoprecipitations (right panels) were Western
blotted. Asterisk denotes immunoglobulin heavy chain and non-specific band in E and F,
respectively. G) At intervals (minutes) after 5 Gy of yIR, Western blots were performed on
the chromatin-bound protein fraction of p53~/~ MEFs. H) Following 5 Gy of yIR for the
indicated intervals (minutes), the chromatin-bound protein fraction of p537/~Mdm2~/~ MEFs
was immunoprecipitated with anti-Mdmx and Western blots were performed.
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Figure 5. Mdmx promotes chromosome instability independent of Mdm2
Metaphases from vector control (n=176) or Mdmx overexpressing (n=246) p53~/~-Mdm2~/~

MEFs were evaluated for chromosome aberrations. A) The percentage of cells with one or
more breaks of either kind (chromatid or chromosome) or that have the specified break is
graphed. Representative pictures of a chromatid (left) and a chromosome (right) break in
p53~~Mdm2~/~ MEFs overexpressing Mdmx are shown. B) The percentage of cells with
one or more chromosome fusions is graphed. Representative pictures of a centromere-

centromere (left) and a telomere-telomere (right) fusion in p53~/~Mdm2~/~ MEFs
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overexpressing Mdmx are shown. C) Representative pictures of structural aberrations
distinct from breaks and fusions detected in p53~/~Mdm2~~ MEFs overexpressing Mdmx
are shown. D) The percentage of cells with more than one chromosomal aberration is
graphed. Representative pictures of metaphases with multiple aberrations are shown. Insets
are expanded views of each aberration marked by an arrow (A-D). Statistical significance
was determined using the Fisher’s exact test (A, B, D)
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Figure 6. Increased levels of Mdmx promote transformation independent of p53 or Mdm2
Soft agar assays of p53~/~ (A) or p53~"Mdm2~/~ (B) MEFs infected with bicistronic

retrovirus expressing YFP alone, HA-tagged full-length Mdmx and YFP, or HA-tagged
MxARING and YFP were performed. Each graph represents the average colonies per well
from at least 2 independent experiments with each experiment consisting of three replicates.
*p<0.0001 student’s t-test.
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Increased MDMX co-occurs with mutant/deleted p53 in multiple cancer types!

Table |

MDMX mut/del3 p53in

Cancer Type Samples increased? MDMX increased?
Breast, Invasive Carcinoma 825 144/825 (18%) 39/144 (27%)
Colon and Rectum Adenocarcinoma 195 11/195 (6%) 2/11 (18%)
Glioma, Lower Grade 213 15/213 (7%) 6/15 (40%)
Glioblastoma Multiforme 135 18/135 (13%) 7/18 (39%)
Head and Neck Squamous Cell Carcinoma 295 18/295 (6%) 10/18 (56%)
Hepatocellular Carcinoma 110 35/110 (32%) 2/35 (6%)4
Lung Adenocarcinoma 129 20/129 (16%) 4/20 (20%)
Lung Squamous Cell Carcinoma 177 13/177 (7%) 10/13 (77%)
Ovarian Serous Cystadenocarcinoma 316 40/316 (13%) 36/40 (90%)
Sarcoma (soft tissue) 149 26/149 (18%) 2/26 (8%)
Skin, cutaneous melanoma 225 34/225 (15%) 3/34 (9%)
Stomach Adenocarcinoma 197 12/197 (6%) 7/12 (58%)
Uterine Corpous Endometroid Carcinoma 233 39/233 (17%) 11/39 (28%)

1 . . .
TCGA data was obtained October 2013 through the cBioPortal for Cancer Genomics

2 I .
Gene amplification or mRNA levels two standard deviations (Z score =2) above control

Mutations include nonsense, missense, insertions, and small deletions; deletions determined by copy number alterations

4 . . .
p53 deletion only, mutation data not available for these samples
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