










Only p53−/− mice displayed significantly more B220+ cells. Again,
no differences were observed in the absence of treatment, in
the more primitive Lin−Sca1−cKit+ (L−S−K) progenitor pop-
ulations of WT, Mdm2Y393F, Mdm2S394A, or p53−/− mice (Fig.
S3D). However, whereas L−S−K cell numbers decreased 70–
80% in WT, Mdm2Y393F, and Mdm2S394A bone marrows, bone
marrow from p53−/− mice retained significantly more L−S−K
cells following IR. This finding suggests that increased survival
of hematopoietic progenitors underlies the resistance to IR-
induced bone marrow failure in mice with compromised p53.
Indeed, when Lin−Sca1+cKit+ (L−SK) hematopoietic stem and
progenitor cells (HSPCs) were quantified in these same ani-
mals, we observed no decrease following irradiation in p53−/−

mice (Fig. 3C). Whereas greater numbers of HSPCs were ob-
served in untreated p53−/− mice, no differences were observed
in HSPC number in untreated WT, Mdm2Y393F, and Mdm2S394A

mice. However, there were significantly more HSPCs in
Mdm2S394A bone marrow following IR, and HSPC levels also
appeared slightly (although not statistically) elevated in irra-
diated Mdm2Y393F bone marrow. We examined whether the
resistance to acute whole-body IR-associated lethality observed in
Mdm2Y393F andMdm2S394A mice was due to an increased capacity
to repopulate irradiated marrow by performing H&E stains on
bone marrow from mice either untreated or 6 and 9 d following
8 Gy IR (Fig. 3D). At 6 d post-IR, whereas mice of all three
genotypes displayed evidence of a significant decrease in cellu-
larity, both p53−/−and Mdm2S394A bone marrow, and to a lesser
extent Mdm2Y393F bone marrow, contained multiple colonies of
hematopoietic cells that were not apparent in WT bone marrow,
as well as visibly more erythrocytes. By 9 d post-IR, coinciding with
the period of observed morbidity in threshold-lethally irradiated
animals, an even larger discrepancy in cellularity was observable
between WT and mutant bone marrows. Few hematopoietic col-
onies were visible in WT marrow, whereas colonies present in
p53−/−andMdm2S394A mice had expanded significantly and largely
replenished the medullary cavity. Whereas there was greater vis-
ible repopulation in Mdm2Y393F bone marrow compared with
WT, this repopulation appeared intermediate to that observed in

Mdm2S394A bone marrow, trending with the observed improved
HSPC survival following IR.

Mdm2 Tyr393 and Ser394 Phosphorylations Are Not Additive in Their
Impact on Tumor Suppression and Radioresistance. To determine
whether the shared effects of Mdm2 Tyr393 and Ser394 phos-
phorylation were redundant or additive, we generated a knockin
mouse in which both the Tyr393 residue is substituted with a
phenylalanine residue (Y393F) and the Ser394 residue is substituted
with an alanine (S394A) (Fig. 4A). Gene targeting was carried out
following a similar strategy as used for Mdm2Y393F mice (Fig. S4
A–E). The targeting construct coded for an A-to-T missense muta-
tion in the 393 codon, a T-to-G missense mutation in the 394 codon,
and a synonymous T-to-G mutation in the 398 codon ofMdm2 exon
12, which also facilitated PCR-digest genotyping of cells and mice.
As observed for Mdm2S394A mice (11), Mdm2Y393F/S394A mice were
recovered from heterozygous intercrosses at Mendelian ratios (Fig.
S4F). A cohort of biallelic Mdm2Y393F/S394A mice was monitored for
spontaneous tumor presentation, and by 24 mo, 14 of 21 (67%)
of these mice presented with tumors (Fig. 4B). This result mir-
rors the 65% of Mdm2S394A mice that developed spontaneous
tumors in our previous study (11), as does the observed latency
of 18–24 mo for the majority of tumors. Consequently, the tumor
suppressive effects of Mdm2 Tyr393 phosphorylation by c-Abl
and Mdm2 Ser394 phosphorylation by ATM do not appear to
be additive or synergistic. The predominant tumor type in
Mdm2Y393F/S394A mice was B-cell lymphoma (6/15, 40%), along
with myeloid sarcomas (5/15, 33%), hepatocellular carcinomas
(3/15, 20%), and one tumor that appeared to be a liver metas-
tasis of neuroendocrine cell origin (Fig. 4 C–E).
Irradiated thymi from Mdm2Y393F/S394A mice were examined

by immunoblotting, as well as by qPCR of p53-target gene
transcripts, and showed a similar reduction of p53 stabilization
and activity as observed in Mdm2S394A mice (Fig. S5 A and B).
This finding is in keeping with the absence of observable
defects in the p53 response to DNA damage in Mdm2Y393F

mice described in Fig. 2 and Fig. S2. Accordingly, whereas
reduced in comparison with WT, no additional deficits in
apoptosis were observed by TUNEL staining or Annexin V

Fig. 3. Mdm2Y393F mice are radioresistant and display improved bone marrow repopulation following IR exposure. (A) Kaplan–Meier survival curves of
WT (n = 7–18) and Mdm2Y393F (n = 6–19) mice exposed to 7, 8, 9, and 10 Gy whole-body IR. WT and Mdm2Y393F curves were compared by log-rank test:
7 Gy (n.s.), 8 Gy (P = 0.003), 9 Gy (P = 0.030), and 10 Gy (n.s.). (B) Quantification of numbers of nucleated cells in bone marrow from both hindlimbs of
WT, Mdm2Y393F, Mdm2S394A, and p53−/− mice either untreated or 8 h after exposure to 5 Gy IR. (n = 3–6, ± SEM). *P < 0.05, **P < 0.01 (Student’s t tests).
(C ) Quantification of L–SK HSPCs in bone marrow of WT, Mdm2Y393F, Mdm2S394A, and p53−/− mice treated as described in B. *P < 0.05, **P < 0.01
(Student’s t tests). (D) H&E stained bone marrow from WT, Mdm2Y393F, Mdm2S394A, and p53−/− mice exposed to 8 Gy IR. Yellow arrows indicate nascent
hematopoietic cell colonies. (Scale bars, 100 μm.)
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staining followed by flow cytometry of Mdm2Y393F/S394A

thymi relative to those seen in Mdm2S394A thymi (Fig. S5 C
and D).
Finally, we examined whether the radioresistant phenotypes

observed in Mdm2Y393F and Mdm2S394A mice were exacerbated
in Mdm2Y393F/S394A mice. Mdm2S394A and Mdm2Y393F/S394A mice
were exposed to 9 Gy whole-body IR (as used for Mdm2Y393F

mice) and monitored for signs of morbidity (Fig. 4F). No significant
difference in survival was observed between Mdm2S394A and
Mdm2Y393F/S394A mice at this dose, with 82% of Mdm2S394A mice
and 69% of Mdm2Y393F/S394A mice surviving at 4 wk, respectively.
However, both genotypes are significantly more radioresistant than
Mdm2Y393F mice, which are themselves significantly more radio-
resistant than WT mice at this dose. Thus, radioresistance resulting
from the loss of either Mdm2 Tyr393 phosphorylation by c-Abl or
Mdm2 Ser394 phosphorylation by ATM is not increased by muta-
tion of both phospho-target residues. Accordingly, IR-induced ex-
pression levels of p53-target genes in irradiated bone marrow of
Mdm2S394A and Mdm2Y393F/S394A mice are similarly reduced (Fig.
S6A). The equivalent deficiency in the p53 response in Mdm2S394A

and Mdm2Y393F/S394A bone marrow follows with comparably in-
creased numbers of L−SK HSPCs surviving in Mdm2Y393F/S394A

bone marrow following IR (Fig. 4G). Furthermore, bone marrow
cells from Mdm2Y393F/S394A or Mdm2S394A mice exhibit similar he-
matopoietic repopulating abilities in vivo (Fig. S6B). As was
observed with Mdm2Y393F and Mdm2S394A mice, no differences
were seen in the number of lineage-defined or L−S−K hemato-
poietic cells (Fig. S6 C and D).

Discussion
These findings provide further evidence of the significance of
phosphorylation of Mdm2 by DNA damage-activated kinases
in regulating p53-dependent organismal responses. Mdm2Y393F

mice are viable and display no developmental defects, yet they
are significantly more prone to developing spontaneous tumors

over their lifespan (Fig. 1B). The spontaneous tumors arising in
Mdm2Y393F mice are primarily hematopoietic in nature and led
us to examine whether Mdm2 Tyr393 phosphorylation im-
pacted oncogene-induced tumorigenesis using the Eμ-Myc al-
lele. Indeed, Eμ-Myc;Mdm2Y393F mice developed tumors at a
significantly accelerated rate (Fig. 1F).
The increased spontaneous tumorigenesis rates and accelerated

B-cell lymphomagenesis are a likely result of reduced p53 activity
in Mdm2Y393F and Eμ-Myc;Mdm2Y393F mice, as p53-dependent
apoptosis and senescence have been shown to inhibit spontane-
ous tumorigenesis and B-cell tumors induced by aberrant Myc
activity (24, 30–32). However, we observed no defects in p53-
dependent apoptosis in spleens or thymi of Mdm2Y393F mice
following IR, or p53-dependent growth arrest in MEFs treated
with IR or doxorubicin (Fig. 2 and Fig. S2). It is conceivable that
Mdm2 phosphorylation by c-Abl can regulate p53 tumor sup-
pressing effects other than apoptosis or growth arrest, and/or that
subtle differences in these p53 functions inMdm2Y393F mice are not
detectable by examining the effects of acute damage on p53 tumor
suppression. Furthermore, it is possible that additional c-Abl target
residues on Mdm2 can compensate for the loss of Mdm2 Tyr393
phosphorylation (12, 13).
Seemingly incongruously, Mdm2Y393F mice are resistant to

threshold-lethal doses of radiation (Fig. 3A). This radioresistance
parallels our previous observations with Mdm2S394A mice, which
display profound defects in p53-dependent apoptosis and tissues.
HSPC or bone marrow cells from both mutants display improved
repopulating functions following IR exposure, albeit to a greater
extent in Mdm2S394A mice (Fig. 3D). In keeping with this dif-
ference, HSPCs in Mdm2S394A bone marrow display a significant
survival advantage following IR, whereas Mdm2Y393F HSPCs
display only a marginal increase in survival after DNA damage.
However, the slight increase in the survival of Mdm2Y393F HSPCs
manifests increased radioresistance in Mdm2Y393F mice relative to
WT mice.

Fig. 4. Mdm2 Tyr393 and Ser394 phosphorylations are not additive in their impact on tumor suppression or radioresistance. (A) DNA sequence of WT and
Mdm2Y393F/S394A allele surrounding codons 393 and 394 (Top). An A-to-T mutation changed codon 393 from Tyr to Phe. A T-to-C mutation changed codon 394
from Ser to Ala. A silent T-to-G mutation in codon 398 introduced a AatII restriction site. Sequencing results of the corresponding region fromMdm2Y393F/S394A

spleen cDNA are shown (Bottom). (B) Kaplan–Meier tumor-free survival curve of Mdm2Y393F/S394A mice (n = 21). Included are tumor-free survival curves of WT
and Mdm2Y393F mice described in Fig. 1B and Mdm2S394A mice described previously (11). Curves were compared by log-rank test: Mdm2Y393F/S394A to WT (P <
0.0001) and Mdm2Y393F/S394A to Mdm2Y393F (P = 0.080). (C) Table displaying the latency, location, and tumor type for spontaneous tumors arising in
Mdm2Y393F/S394A mice. LN, lymph node; HCC, hepatocellular carcinoma; Neu, neuroendocrine. (D) Representative H&E-stained tissue sections of a B-cell
lymphoma (Left), myeloid sarcoma (Middle), and hepatoma (Right) that developed in Mdm2Y393F/S394A mice. (Scale bars, 100 μm.) (E) B-cell lymphoma shows
expression of B220 (Left), and a myeloid neoplasm exhibits chloroacetate esterase (Leder) activity (Right). (Scale bars, 100 μm.) (F) Kaplan–Meier survival
curves of WT (n = 15), Mdm2Y393F (n = 17), Mdm2S394A (n = 11), and Mdm2Y393F/S394A (n = 13) mice exposed to 9 Gy whole-body IR. Curves were compared by
log-rank test: WT to Mdm2Y393F (P = 0.030), WT to Mdm2S394A (P < 0.0001), WT to Mdm2Y393F/S394A (P < 0.0001), Mdm2Y393F to Mdm2S394A (P = 0.010),
Mdm2Y393F to Mdm2Y393F/S394A (P = 0.020), and Mdm2S394A to Mdm2Y393F/S394A (n.s.). (G) Quantification of L–SK HSPCs in bone marrow of WT, Mdm2Y393F,
Mdm2S394A, and Mdm2Y393F/S394A mice untreated or 8 h following 5 Gy IR (n = 3–6, ± SEM). *P < 0.05, **P < 0.01 (Student’s t tests).
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The generation of Mdm2Y393F/S394A mice allowed us to ex-
amine whether the common effects of Mdm2 Tyr393 phos-
phorylation by c-Abl and Mdm2 Ser394 phosphorylation by
ATM are additive or redundant. We observed no additive or
synergistic effects of the loss of both phosphorylation events on
the incidence of spontaneous tumorigenesis, with Mdm2Y393F/S394A

mice developing spontaneous tumors at a frequency and latency
that nearly overlaps what we have reported withMdm2S394A mice
(Fig. 4B). Similarly, we observed no additive effects on radio-
resistance, with Mdm2Y393F/S394A and Mdm2S394A mice displaying
comparable survival, HSPC numbers, and bone marrow reconstitution
following whole-body IR (Fig. 4 F and G and Fig. S6). Hence,
there is an apparent redundancy of the shared phenotypes be-
tween Mdm2Y393F and Mdm2S394A mice, with tumorigenesis and
radioresistance in Mdm2Y393F/S394A mice never exceeding that
observed in Mdm2S394A mice. This may reflect the proposed in-
terdependence of c-Abl and ATM for their respective activities
(16, 33, 34). However, ATM phosphorylation of Mdm2 Ser394
clearly has a predominant effect on Mdm2-p53 signaling and p53
functions, relative to the effects induced by c-Abl phosphoryla-
tion of Mdm2 Tyr393.

Methods
Mice and Animal Studies. All animals described in this study were on a C57BL/6
background. Mice and cells were irradiated with a cesium-137 source
(Gammacell 40). The generation of Mdm2S394A mice has been previously
described (11). Eμ-Myc mice were a gift from Christine Eischen, Vanderbilt
University, Nashville. TN. A detailed description of the generation and
genotyping of Mdm2Y393F and Mdm2Y393F/S394A mice is provided in SI
Methods. All animals used in this study were maintained and assayed in
accordance with federal guidelines and those established by the Institutional
Animal Care and Use Committee at the University of Massachusetts Medical
School (UMMS).

Immunoblotting. Tissues and cells were lysed in Nonidet P-40 lysis buffer
supplemented with protease and phosphatase inhibitors. A detailed descrip-

tion of the methods used, including antibodies and clones, is provided in
SI Methods.

Gene Expression Analysis and Sequencing. Total RNA was isolated from tissues
by RNeasy Mini Kit (Qiagen) and cDNA synthesized by the SuperScript III First
Strand Synthesis System (Invitrogen). qPCR was performed using SYBR Select
Master Mix (Applied Biosystems) in conjunction with a 7300 Real-Time PCR
System (Applied Biosystems). A detailed description of the methods used for
qPCR and sequencing is provided in SI Methods.

Histopathology. Tissue samples were fixed in 10% (vol/vol) formalin for 24 h.
The UMMS Morphology Core Laboratory performed embedding, sectioning,
and staining. TUNEL staining was performed using the In Situ Cell Death
Detection Kit, POD (Roche) according to manufacturer’s instructions. Im-
munohistochemistry was performed with antibodies specific for B220
(550286; BD Pharmingen) and CD3 (A0452; Dako). Naphthol chloroacetate
esterase staining was performed to detect cells with myeloid differentiation.
Stained tissue was analyzed using an Olympus CX41 microscope fitted with a
PixeLINK camera and software.

Bone Marrow Analysis. Total bone marrow from both hind limbs was har-
vested, RBCs were lysed, and single-cell suspensions were stained with cell-
surface antibodies for Gr-1, CD11B, CD3, and B220. For LSK analysis, bone
marrow cells were stained with a biotin lineage mixture and antibodies for
Sca-1, c-Kit, CD34, and Flk2. All samples were run on a BD LSRII flow cytometer
(BD Biosciences) and analyzed using FlowJo software (Tree Star). A complete
list of antibodies including clone numbers is given in Table S1.

Statistical Analysis. Statistical analyses were performed using GraphPad Prism
software, version 6.0d. Kaplan–Meier survival curves were analyzed by log-
rank test. A P value of <0.05 was considered statistically significant for
Student t tests.
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