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Spliced MDM?2 isoforms promote mutant p53
accumulation and gain-of-function in tumorigenesis
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Lianxin Liu?, Zhaohui Feng3 & Wenwei Hu'34

The tumour suppressor p53 is frequently mutated in tumours. Mutant p53 (Mutp53) proteins
often gain new activities in promoting tumorigenesis, defined as gain-of-function (GOF).
Mutp53 can accumulate to high levels in tumours, which promotes mutp53 GOF in tumor-
igenesis. The mechanism of mutp53 accumulation is poorly understood. Here we
find that MDM2 isoforms promote mutp53 accumulation in tumours. MDM?2 isoform B
(MDM2-B), the MDM2 isoform most frequently over-expressed in human tumours, interacts
with full-length MDM2 to inhibit MDM2-mediated mutp53 degradation, promoting mutp53
accumulation and GOF in tumorigenesis. Furthermore, MDM?2-B overexpression correlates
with mutp53 accumulation in human tumours. In mutp53 knock-in mice, a MDM?2 isoform
similar to human MDM2-B is overexpressed in the majority of tumours, which promotes
mutp53 accumulation and tumorigenesis. Thus, overexpression of MDM2 isoforms promotes
mutp53 accumulation in tumours, contributing to mutp53 GOF in tumorigenesis. This may be
an important mechanism by which MDM2 isoforms promote tumorigenesis.
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umour suppressor p53 plays a crucial role in maintainin

genomic stability and preventing tumour formation!?.

Disruption of normal p53 function is often a prerequisite
for the development or progression of tumours. The p53 gene is
mutated in ~50% of human tumours. The most common p53
mutation is single amino-acid substitution in the DNA-binding
domain of the p53 protein. In addition to the loss of
tumour-suppressive activity of wild-type p53 (wtp53), many
tumour-associated mutant p53 (mutp53) proteins gain new
functions independent of wtp53, defined as mutp53 gain-of-
function (GOF), which enable them to contribute to malignant
progression, including increased tumorigenesis and metastasis>?.
Mutp53 proteins often become stable and accumulate to high
levels in human tumours, which is important for the execution of
their GOF and contributes to more advanced tumours®>,
However, the regulation of mutp53, especially the mechanism for
its accumulation in tumours, is poorly understood.

E3 ubiquitin ligase MDM2 is a key negative regulator for p53.
MDM2 forms a negative feedback loop with p53; as a p53-target
gene, MDM2 can be transcriptionally induced by wtp53, which in
turn degrades wtp53 through ubiquitination. MDM2 has been
shown to retain the ability to bind to and degrade mutp53
(refs 7,8). Therefore, it was widely accepted that the accumulation
of mutp53 in tumour cells is due to the inability of mutp53 to
induce MDM2, which leads to the disruption of the MDM2-p53
negative feedback loop. However, this notion was challenged by
recent studies showing that mutp53 accumulation was observed
only in tumours but not in normal tissues in mice with knock-in
of R172H or R270H mutp53 (equivalent to human R175H and
R273H, respectively)>®°. Furthermore, MDM2 loss in these mice
leads to mutp53 accumulation in normal tissues’. These findings
suggest that MDM2 keeps mutp53 levels in check in normal
tissues but not in tumour tissues, thus leading to mutp53
accumulation in tumours. These results strongly suggest that p53
mutations alone are insufficient for mutp53 accumulation,
additional events occurring in tumours are required to release
mutp53 from MDM2-mediated degradation, leading to mutp53
accumulation in tumours.

MDM2 has multiple spliced isoforms. Some MDM?2 isoforms,
including MDM2 isoforms A, B and C, are frequently over-
expressed in many types of human tumours. Furthermore,
overexpression of these MDM2 isoforms occurs more frequentl;r
in high-grade tumours and is correlated with poor prognosis!®-12,
indicating a role of MDM2 isoforms in tumorigenesis. Some
MDM?2 isoforms, such as isoforms A, B and C, have been
demonstrated to promote tumorigenesis'?. However, the
underlying mechanisms of MDM?2 isoforms in tumorigenesis
are not well understood. A common feature of majority of
MDM2 isoforms is that they lack p53 binding domain but retain
the C terminus, including the RING finger domain, to interact
with full-length MDM2 (MDM2-FL)!*!>. Previous studies
reported that MDM2 isoforms increased wtp53 levels in in vitro
cultured cells that express wtp53 (refs 16,17). However, the
activation of wtp53 by MDM2 isoforms in cells could not explain
the promoting effect of MDM2 isoforms on tumorigenesis.

Here we tested the possibility that MDM2 isoforms over-
expressed in tumours may interact with MDM2-FL and inhibit its
function in degradation of mutp53, which in turn promotes
mutp53 protein accumulation and enhances GOF of mutp53 in
tumour cells.

To test this hypothesis, we employed MDM2 isoform B
(MDM2-B), the most common MDM?2 isoform overexpressed
in human tumours'?, and investigated its effect on mutp53
protein accumulation and GOF in cells. We find that MDM2-B
interacts with MDM2-FL and inhibits MDM2-FL binding to
and degradation of mutp53. MDM2-B promotes mutp53
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accumulation and mutp53 GOF in tumour growth and
metastasis in mice. Furthermore, high expression levels of
MDM2-B correlates with mutp53 accumulation in human
tumours. Consistentl;l, the majority of tumours in R172H
mutp53 (p53R17ZHRIZ2H) 1nock-in mice express high levels of
a MDM?2 isoform similar to human MDM2-B in domain
structure. This mouse MDM2 isoform promotes mutp53
accumulation in cells and promotes tumorigenesis in mice.
These results demonstrate that overexpression of MDM2-B in
tumours is an important mechanism for mutp53 accumulation in
tumours, which contributes to mutp53 GOF in tumorigenesis.

Results

MDM2-B promotes mutp53 protein accumulation in cells.
MDM2-B is the most common MDM?2 isoform highly expressed
in human tumours!®>. MDM2-B lacks p53-binding domain,
nuclear localization signal and nuclear export signal sequences,
but retains the RING domain (Fig. 1a). p53 mutations have two
major categories: DNA-contact mutations (including R248W and
R273H tumour hotspot mutations) and conformational
mutations (including R175H tumour hotspot mutation). To test
our hypothesis that MDM2-B promotes mutp53 protein
accumulation, we established cell lines with stable ectopic
expression of R175H, R248W and R273H mutp53, respectively,
in human p53-null lung cancer H1299 cells (H1299-R175H,
H1299-R248W and H1299-R273H), and transfected MDM2-B-
Flag expression vectors that express human MDM2-B with
C-terminal Flag tag into these cell lines. As shown in Fig. 1b,
ectopic expression of MDM2-B-Flag greatly increased the ectopic
mutp53 protein levels in all of these cells. The effect of MDM2-B
on endogenous mutp53 protein levels was also evaluated in a
panel of human cancer cell lines. Ectopic expression of MDM2-B-
Flag clearly increased endogenous mutp53 protein levels in both
human colorectal HCT116 p53R%43W/ = and breast T47D cells,
which contain a single copy of p53 gene with R248W and L194F
mutations, respectively (Fig. 1c). Ectopic expression of MDM2-B-
Flag did not have an obvious effect on the RNA expression levels
of mutp53 in above-mentioned cells (Supplementary Fig. S1). The
effect of MDM2-B upon wtp53 was also examined in H1299-
HW24 cells, which express wtp53 under a tetracycline-regulated
promoter'8, Wtp53 is expressed with low concentrations of
tetracycline and is maximally expressed in the absence of
tetracycline. Supplementary Fig. S2 shows that ectopic
expression of MDM2-B-Flag clearly increased wtp53 protein
levels in H1299-HW24 cells with low concentrations (5ngml ~ 1)
of tetracycline, which is consistent with previous reé)orts showing
that MDM2 isoforms increase wtp53 levels in cells!®!7. The effect
of MDM2-B knockdown on mutp53 protein levels was further
evaluated in HCT116 p53%248W/ — cells with stable ectopic
expression of MDM2-B-Flag as well as T47D, liver Huh7 and
colorectal DLD-1 cells that have high endogenous MDM?2-B
levels. Huh7 and DLD-1 cells contain a single copy of p53 gene
with Y220C and S241F mutations, respectively. As shown in
Fig. 1d-f, MDM2-B knockdown by siRNA specific for MDM2-B
clearly decreased mutp53 protein levels in all these cells. To avoid
off-target effects, two siRNA oligos against MDM2-B were used,
and similar results were obtained. These results demonstrate that
MDM2-B promotes mutp53 protein accumulation in cells.

MDM2-B inhibits MDM2-FL to bind to and degrade mutp53.
MDM2-B loses the p53-binding domain but retains the RING
domain that can bind to MDM2-FL (ref. 15) (Fig. 1a), raising
the possibility that MDM2-B increases mutp53 protein levels
through blocking MDM2-FL-mediated degradation of mutp53.
MDM2-FL can degrade mutp53 protein; ectopic expression of
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Figure 1 | MDM2-B promotes mutp53 protein accumulation in human cancer cells. (a) Schematic model showing the domain structure of MDM2-FL and
MDM2-B. The amino acid residues are numbered. (b). Ectopic expression of MDM2-B-Flag by MDM2-B-Flag expression vectors (MDM2-B)

increased mutp53 protein levels in H1299 cells with stable ectopic expression of mutp53 (R175H, R248W and R273H). (¢) Ectopic expression of MDM2-B-
Flag increased mutp53 protein levels in HCT116 p53R248W/ — (left panel) and T47D (right panel) cells expressing endogenous mutp53. Con: Control.

In b and ¢, cells were transfected with MDM2-B-Flag expression vectors, and mutp53 protein levels were measured by western-blot assays at 24 h after
transfection. (d) Knockdown of stably ectopically expressed MDM2-B-Flag in HCT116 p53R248W/ — cells by siRNA specific against MDM2-B decreased
mutp53 protein levels. (e and f) Knockdown of endogenous MDM2-B by siRNA in T47D (e), Huh7 and DLD-1 () cells decreased the levels of endo-
genous mutp53 protein (left panel). Specific knock-down of MDM2-B but not MDM2-FL was confirmed at the mRNA level by Tagman real-time

PCR assays (right panel). The expression levels of MDM2-B and MDM2-FL were normalized with actin. Two different siRNA oligos were used in (d-f), and
similar results were obtained. Data in panels e and f are presented as meants.d., n=3.

MDM2-FL by MDM2-FL expression vectors decreased mutp53
protein levels, whereas knockdown of endogenous MDM2-FL by
siRNA increased mutp53 protein levels in HCT116 p53R248w/ —

and T47D cells (Fig. 2ab). Similarly, ectopic expression of
MDM2-FL decreased mutp53 protein levels in H1299-R175H,
H1299-R248W and H1299-R273H cells (Supplementary Fig. S3).
These results demonstrate that MDM2-FL retains the ability to
degrade mutp53 protein, which is consistent with the previous
report®. These results raise the possibility that some regulatory
mechanisms result in the selective compromise of MDM2-FL
function in tumours, leading to mutp53 protein accumulation
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in tumours. We investigated whether MDM2-B inhibits the
function of MDM2-FL to degrade mutp53. To this end, p53 ~/~
mdm2~/~ (2KO) mouse embryonic fibroblasts (MEFs) were
transfected with mutp53 (R248W or R175H) expression vectors
together with MDM2-FL and/or MDM2-B-Flag expression
vectors. Ectopic expression of MDM2-FL greatly decreased
mutp53 protein levels, whereas ectopic expression of MDM2-B-
Flag did not decrease mutp53 protein levels in 2KO cells (Fig. 2¢).
Notably, MDM2-B inhibited MDM2-FL-mediated degradation of
mutp53 protein; co-expression of MDM2-B-Flag and MDM2-FL
did not result in the decrease of mutp53 levels in 2KO cells
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Figure 2 | MDM2-B promotes mutp53 accumulation through inhibition of MDM2-FL-mediated mutp53 degradation. (a) Ectopic expression of MDM?2-
FL down-regulated mutp53 protein levels in HCT116 p53%248W/ = and T47D cells. mutp53 protein levels in cells were measured by western-blot assays at
24 h after transfection of MDM2-FL expression vectors. Con: Control. (b) Knockdown of endogenous MDM2-FL by siRNA increased mutp53 protein
levels in HCT116 p53R248W/ — and T47D cells. Two siRNA oligos were used, similar results were obtained. (¢) MDM2-B inhibited MDM2-FL-mediated
mutp53 degradation (R248W and R175H) in p53 =/ ~mdm2~/~ 2KO MEFs. Indicated combination of expression vectors of MDM2-B-Flag (MDM2-B),
MDM2-FL and mutp53 were co-transfected into cells. (d) Ectopic expression of MDM2-B-Flag increased mutp53 protein levels in HCT116 p53R248W/ — pyt
not in HCT116 p53R248W/ — with knockdown of MDM2-FL by siRNA. Two siRNA oligos were used, similar results were obtained. (e) MDM2-B interacted
with MDM2-FL and blocked the binding of MDM2-FL to mutp53(R248W) in 2KO cells as determined by IP assays. Antibodies used for IP: DO-1 for
mutp53; 3G5, an antibody recognizing MDM2-FL but not MDM2-B; Flag for MDM2-B-Flag. (f) MDM2-B increased MDM?2-FL protein localization in the
cytoplasm as determined by IF staining in HCT116 p53R248W/ — cells. Antibodies used for IF: 3G5 for MDM2-FL; Flag for MDM2-B-Flag. Nuclei were stained
with DAPI. Scale bar: 20 pm. Lower panel: quantification of subcellular distribution of MDM2-FL in 200 cells for each experiment. Data are presented as
mean £s.d. (n=3). P<0.005, %2 test. (g) MDM2-B decreased MDM2-FL-mediated mutp53 ubiquitination in 2KO cells. Cells were transfected with
indicated combination of expression vectors of MDM2-B-Flag, MDM2-FL, mutp53 (R248W) and HA-ubiquitin (HA-Ub) for 24 h, then treated with
proteasome inhibitor MG132 for 5 h. Mutp53 ubiquitination were determined by IP using DO-1 antibody followed by western-blot assays with an anti-HA or
anti-p53 antibody. (h) Blocking proteasomal degradation by MG132 increased mutp53 levels in HCT116 p53R248W/ — put not in HCT116 p53R248W/ — with
ectopic MDM2-B expression. (i) MDM2-B increased mutp53 protein half-life. HCT116 p53R248W — cells with and without ectopic MDM?2-B-Flag
expression were treated with cycloheximide (CHX, 10 ug/ml) for indicated time before being collected for western-blot analysis. Data are presented as
meants.d. (n=3).
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(Fig. 2c). The inhibitory effect of MDM2-B on MDM2-FL-
mediated degradation of mutp53 was observed when the
molar ratio of MDM2-FL versus MDM2-B-Flag transfected is
1:0.25, and reached 90% when the ratio of MDM2-FL versus
MDM2-B-Flag is 1:0.5 (Supplementarz Fi}g. S4). Similar
results were observed in HCT116 p53%24W/— and H1299-
R175H cells; ectopic expression of MDM2-B-Flag or knockdown
of endogenous MDM2-FL by siRNA can both increase mutp53
protein levels. Notably, MDM2-B had no obvious effect on
mutp53 protein levels in cells with knockdown of MDM2-FL by
siRNA, which already have increased mutp53 protein levels
(Fig. 2d and Supplementary Fig. S5). These results demonstrate
that MDM2-B inhibits the function of MDM2-FL to degrade
mutp53, leading to mutp53 protein accumulation in cells.

Co-immunoprecipitation assays showed that MDM2-B
inhibited the interaction of MDM2-FL with mutp53 in 2KO
cells transfected with mutp53 (R248W or R175H), MDM2-FL
and/or MDM2-B-Flag. MDM2-FL readily interacted with mutp53
and MDM2-B (Fig. 2e and Supplementary Fig. S6a). The
interaction of MDM2-FL with MDM2-B was also observed in
H1299-R175H cells with ectopic expression of MDM2-B-Flag
(Supplementary Fig. S6b). No interaction between MDM2-B and
mutp53 was observed (lanes 8 and 16 in Fig. 2e). Notably,
co-expression of MDM2-B-Flag clearly decreased the interaction
of MDM2-FL with mutp53 (lanes 7 and 11 in Fig. 2e and lane 7 in
Supplementary Fig. S6a). MDM2-B lacks nuclear localization
signal, which mediates the process of importing target proteins
into the nucleus (Fig. 1a). Indeed, MDM2-B was predominantly
localized in the cytoplasm in 2KO cells transfected with MDM2-
B-Flag (Supplementary Fig. 7). It was reported that in cells that
express wtp53, MDM2-B can bind to MDM2-FL in cytoplasm
and reduces the localization of MDM2-FL in the nucleus, where
MDM2-FL binds to wtp531°. It is possible that the interaction of
MDM2-B with MDM2-FL may reduce the localization
of MDM2-FL in the nucleus, which in turn frees mutp53 from
MDM2-FL  binding and thereby leads to mutp53
protein  accumulation. Indeed, while MDM2-FL was
predominantly localized in the nucleus of HCT116 p53R248W/ —
cells, ectopic expression of MDM2-B-Flag clearly increased the
cytoplasmic localization of MDM2-FL in the cells as determined
by immunofluorescence (IF) staining assays (Fig. 2f).

Recent studies have also reported that the MDM2 RING
domain forms dimers and oligomers in cells; using chemical
crosslinking assays to link interacting proteins in cell lysates, a
large fraction of MDM2-FL protein can be crosslinked into the
high-molecular weight protein in H1299 cells!*?. Furthermore,
the dimerization and oligomerization of MDM2-FL is needed for
efficient p53 polyubiquitination; disruption of MDM2-FL
dimerization and oli§omerization can reduce the efficiency of
p53 ubiquitination1 20 Consistent  with previous reports,
employing chemical crosslinking assays to link interacting
proteins, a large fraction of MDM2-FL protein was crosslinked
into the high-molecular weight protein in HCT116 p53R248w/-
cells (Supplementary Fig. S8). Notably, the fraction of MDM2-FL
protein crosslinked into high-molecular weight was greatly
reduced in HCT116 p53%24%" = cells with ectopic expression
of MDM2-B, in which a significant amount of MDM2-FL-
MDM2-B complex was observed (Supplementary Fig. S8). This
observation suggests that MDM2-B inhibits the dimerization/
oligomerization of MDM2-FL, which is necessary for efficient
ubiquitination of mutp53 by MDM2-FL.

Consistently, MDM2-B reduced MDM2-FL-mediated ubiquiti-
nation of mutp53 in cells as determined by in vivo ubiquitination
assays in 2KO cells (Fig. 2g). As an E3 ubiquitin ligase, MDM2-FL
ubiquitinates p53 for proteasomal degradation?!. Blocking
proteasomal degradation by MG132, a proteasomal inhibitor,

increased mutp53 protein levels in HCT116 p53%248W/ ~ and
H1299-R175H cells (Fig. 2h and Supplementary Fig. S9a).
Interestingly, MG132 had very limited effect on mutp53 protein
levels in cells with ectopic MDM2-B-Flag expression (Fig. 2h and
Supplementary Fig. S9a), indicating that MDM2-B inhibits the
function of MDM2-FL in ubiquitination and degradation of
mutp53. Furthermore, ectopic expression of MDM2-B-Flag signi-
ficantly increased the half-life of mutp53 protein in HCT116
p53R248W/ = and H1299-R175H cells (Fig. 2i and Supplementary
Fig. S9b). These results demonstrate that MDM2-B interacts with
MDM2-FL, and inhibits MDM2-FL binding to and degradation of
mutp53 protein, leading to increased half-life of mutp53 protein
and its accumulation in cells.

MDM2-B promotes mutp53 GOF in tumour growth and
metastasis. Promoting tumour cell proliferation and metastasis are
the main GOF of mutp53 (refs 22-25). Here we found that
MDM2-B promotes GOF of mutp53 in promoting tumour growth
and metastasis. Stable ectopic expression of MDM2-B-Flag in
HCT116 p53R%248W ~ cells significantly promoted the growth of
xenograft tumours in nude mice compared with control cells
transfected with empty vectors (P=0.008, ANOVA followed by
Student’s t-test) (Fig. 3a,b). Results from both western-blot assays
and immunohistochemistry (IHC) staining showed that MDM2-
B-Flag expression resulted in mutp53 protein accumulation in
HCT116 p538248%/ ~ tumours (Fig. 3¢,d). This promoting effect of
MDM2-B on tumour growth is largely mutp53-dependent, since
this effect was largely abolished in xenograft tumours formed by
HCT116 p53 ~/~ (Fig. 3a,b). Furthermore, this promoting effect
of MDM2-B on tumour growth is mediated by MDM2-FL, since
knockdown of MDM2-FL largely abolished this effect (Fig. 3e).

Both invasion and migration are critical steps for tumour
metastasis. HCT116 p53R8%48W — cells displayed increased inva-
sion and migration abilities compared with HCT116 p53 —/ —
cells in vitro as determined by trans-well assays (Supplementary
Fig. S10a,b), demonstrating that mutp53 promotes invasion and
migration of tumour cells, which is consistent with previous
reports?>*2>, Notably, ectopic expression of MDM2—B—F1a% greatly
promoted invasion and migration of HCT116 p53R248W = cells
(Fig. 3f,i). The promoting effects of MDM2-B on invasion and
migration were much less pronounced in HCT116 p53R248w/—
cells with knockdown of mutp53 (Fig. 3g,j) or HCT116 p53 —/ —
cells (Supplementary Fig. Slla,b). Consistently, knockdown of
endogenous MDM2-B clearly decreased invasion and migration
of T47D cells but not T47D cells with knockdown of mutp53
(Fig. 3h)k). These results indicate that MDM2-B promotes
invasion and migration of tumour cells in vitro in a largely
mutp53-dependent manner. The effect of MDM2-B on mutp53
GOF in metastasis was further investigated in vivo. Tail vein
injection of HCT116 p53R*4¥" ~ and HCT116 p53 —/— cells
can form lung metastatic tumours in nude mice. Ectopic
expression of MDM2-B-Flag in HCT116 p53R248w/—
significantly increased the number of lung metastatic tumours
(Fig. 31, P<0.0001, Student’s t-test). This promoting effect of
MDM2-B on lung metastasis is largely mutp53-dependent since
this effect was much less pronounced in HCT116 p53 —/ — cells
(Supplementary Fig. S12). These results demonstrate that
MDM2-B promotes GOF of mutp53 protein, including tumour
growth and metastasis.

MDM2-B enhances the inhibitory effect of mutp53 on p63 and
P73. One important mechanism of mutp53 GOF in tumorigenesis
is the ability of mutp53 to bind to and inactivate p53 family
members, p63 and p73 (refs 6,26,27). The transactivation
isoforms of p63 and p73 can bind to the p53 DNA-binding
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Figure 3 | MDM2-B increases mutp53 GOF in tumour growth and metastasis. (a and b) MDM2-B promoted xenograft tumour growth in a largely mutp53-
dependent manner. BALB/c nude mice were inoculated (s.c.) with HCT116 p53R248W/ — and HCT116 p53 — / — cells with ectopic expression of MDM2-B-Flag
(MDM2-B) or control cells transfected with control vectors (Con). (a) A representative image of xenograft tumours. (b) Growth curves of xenograft tumours.
Tumour volumes are presented as mean * s.d., n=10/group. P<0.01 Con versus MDM2-B in HCT116 p53R248%/ — yenograft tumours, ANOVA, followed by
Student's t-test. (€ and d) MDM2-B promoted mutp53 accumulation in HCT116 p53R248%W — yenograft tumours as determined by Western-blot assays (€)
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on invasion was largely abolished when mutp53 was knocked down by siRNA in HCT116 p53R248W — cells (g) and T47D cells (h). Two siRNA oligos were
used, and similar results were obtained. (i-k) Ectopic expression of MDM2-B-Flag promoted migration of HCT116 p53%248% = (i and j) and knockdown of
MDM2-B decreased migration of T47D (k) cells as determined by trans-well assays. Data are presented as mean * s.d. (n=3). P<0.01, Student t-test. The
promoting effect of MDM2-B on migration was largely abolished when mutp53 was knocked down by siRNA in HCT116 p53R248W — cells (j) and T47D cells
(k). (I) MDM2-B promoted lung metastasis of HCT116 p53R248W — i vivo. HCT116 p53R248W — cells with stable ectopic expression of MDM2-B-Flag
(MDM2-B) and their control cells (Con) were injected into nude mice via tail vein, and the number of lung metastatic tumours was determined after 6 weeks
(n=10/group). Scale bar: 30 um. Data are presented as mean £ s.d. P<0.0001, Student t-test.
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elements in many p53-regulated genes, and therefore have partial
functional overlap with p53. For instance, p53-regulated genes
DDB2 and p21 can be transcriptionally activated by TAp63 and
TAp73, respectively?®2. Luciferase reporter plasmids containing
a p53-binding element in DDB2 or p21 promoter were employed
to investigate whether MDM2-B enhances the inhibitory effect of
mutp53 on transcriptional activities of p63 and p73 in H1299
cells. Luciferase reporter assays showed that mutp53 (R248W)
decreased the transcriptional activities of TAp63 and TAp73
(Supplementary Fig. S13a,b). This effect of mutp53 was abolished
by expression of MDM2-FL, which degrades mutp53, but
reappeared when MDM2-B-Flag and MDM2-FL were co-
expressed in cells (Supplementary Fig. S13a,b). Similarly,
mutp53 (R248W) decreased the transcriptional induction of
endogenous DDB2 and p21 by TAp63 and TAp73; respectively,
in H1299 cells as examined by Taqman real-time PCR
(Supplementary Fig. S13c,d). This effect of mutp53 was largely
abolished by expression of MDM2-FL, but reappeared when
MDM2-B-Flag and MDM2-FL were co-expressed in cells
(Supplementary Fig. S13c,d). These data demonstrate that
MDM2-B enhances the inhibitory effect of mutp53 on
transcriptional activities of p63 and p73 through inhibition of
the function of MDM2-FL in degradation of mutp53, which could
be an important mechanism by which MDM2-B promotes
mutp53 GOF.

Overexpression of a MDM2 isoform in p53R172H/R172H

tumours. Mouse MDM?2 isoforms similar to human MDM2-B in
structure, which lack p53-binding domain but retain RING finger
domain, have been identified in mouse tumours, including B-cell
lymphomas from Ep-Myc transgenic mice and sarcomas from
MDM2-overexpression mice!”3%3. We found that a MDM?2
isoform similar to human MDM2-B in structure was over-
expressed in tumours of p53R172H/RI72H mice, and correlated with
mutp53 accumulation in tumours. p53R172H/R172H mice mainly
develop lymphomas in the spleen and thymus®. Using reverse
transcription-PCR with a pair of primers in exons 1 and 12 that
contains the stop codon, two major mouse MDM2 transcripts
were detected in majority of tumour samples (12 out of 14 splenic
lymphomas, 8 out of 10 thymic lymphomas), including the
MDM2-FL and a MDM2 isoform similar to human MDM2-B in
size (Fig. 4a). In contrast, this MDM2 isoform was not detected in
normal spleen and thymus tissues of p53R172H/RI7ZH pjce This
result was confirmed by Tagman real-time PCR and western-blot
assays at RNA and protein levels, respectively (Fig. 4b,c). Previous
reports showed that majority of tumours (~ 80%) from p53R172H/
RIZZH mice had increased mutp53 protein levels®®. Similarly,
mutp53 levels were low in normal tissues but increased
substantially in all p53RV7ZHRIZZH tymours we examined
(n=14 for splenic lymphomas, n=10 for thymic lymphomas)
(Fig. 4c). DNA sequencing analysis revealed that the mouse
MDM?2 isoform overexpressed in p53R172HRI72H tymours lacks
exons 3-7 and 5 57 bases in exon 8, including the region coding
for p53 binding domain, which is similar to human MDM2-B
(Fig. 4d). Ectopic expression of this mouse MDM?2 isoform in
2KO cells confirmed at the protein level that this MDM?2 isoform
expressed at the size corresgonding to the protein overexpressed
in tumours from p53R172HRI72H mice (Supplementary Fig. S14).
Ectopic expression of this mouse MDM2 isoform in H1299-
R175H, HCT116 p53R%48W/ — a5 well as in p53R172H/RI7ZH MER
cells clearly led to mutp53 accumulation (Fig. 4e). The promoting
effect of mouse MDM2 isoform on mutp53 accumulation is
achieved mainly through inhibition of MDM2-FL function to
degrade mutp53; while MDM2-FL expression decreased mutp53
levels in 2KO cells, co-expression of this mouse MDM?2 isoform

and MDM2-FL did not decrease mutp53 protein levels in 2KO
cells (Fig. 4f). Furthermore, stable ectopic expression of this mouse
MDM2 isoform in HCT116 p53R%248W/ = cells significantly
promoted the growth of xenograft tumours in nude mice
compared with control cells transfected with control empty
vectors (P=0.01, ANOVA followed by Student’s ¢-test) (Fig. 4g).
This promoting effect of mouse MDM2 isoform is largely mutp53-
dependent since this effect was much less pronounced in xenograft
tumours formed by HCT116 p53 —/— (Fig. 4g). These results
demonstrate that consistent with human MDM2-B, this mouse
MDM2 isoform plays an important role in promoting mutp53
accumulation and GOF in tumours.

MDM2-B levels correlate with mutp53 levels in human
tumours. The correlation between MDM2-B overexpression and
mutp53 accumulation was further confirmed in human colorectal
cancer samples (n=100). MDM2-B mRNA expression levels
were significantly increased in a large percentage of colorectal
cancers as determined by Taqman real-time PCR assays in for-
malin-fixed and paraffin-embedded (FFPE) tissues (Fig. 5a).
Results from western-blot assays confirmed that at the protein
level the increased expression of a MDM2 isoform at the size
corresponding to MDM2-B in colorectal cancers compared with
their adjacent normal tissues in a subset of fresh frozen tissues
(14 out of 25 colorectal cancers) (Fig. 5b). The molecular
mechanisms underlying MDM2-B over-expression in tumours
are unclear. Here we tested whether mutp53 plays any role in
MDM2-B overexpression. Mutp53 was knocked down by siRNA
in T47D cells, and the expression of MDM2-B was determined at
both RNA and protein levels by Tagman real-time PCR and
western-blot assays, respectively. As shown in Supplementary Fig.
§15, knockdown of mutp53 did not have an obvious effect on the
expression levels of MDM2-B, which excludes the possibility that
mutp53 induces the levels of MDM2-B in tumours.

p53 protein levels in FFPE tissues were determined by IHC
assays, and a significant percentage of tumours showed p53
positive staining (66%; n = 66) (Fig. 5¢). Direct sequencing of the
coding exons (exons 2-11) of p53 showed that 51% of tumour
samples (n=51) contain a mutation in the coding region of the
p53 gene, whereas all of the normal tissues express wtp53
(Fig. 5d). Consistent with previous reports®?, all of the p53
mutations that we identified in tumours (n=>51) are missense
point mutations in the DNA-binding domain with codons 175,
248, 273 and 282 as mutational hotspots (Fig. 5d). Furthermore,
almost all tumours containing mutp53 (50 out of 51) showed
positive p53 staining. Notably, there is a clear correlation between
MDM2-B overexpression and p53 accumulation. In all, 58% of
tumours with p53-positive staining (38 out of 66) displayed
significantly increased MDM2-B levels (over 4 to ~400-fold
increase at the mRNA level) compared with adjacent normal
tissues. Among these tumours, 79% of tumours (30 out of 38)
contain p53 mutations. In tumours negative for p53 staining,
which contain wtp53 in 33 tumours and mutp53 in 1 tumour,
only 26% of tumours (9 out of 34) showed over four-fold
increase of MDM2-B expression (Table 1). These results
demonstrate that MDM2-B overexpression is significantly
correlated with accumulation of p53 protein, mainly mutp53
protein, in colorectal cancers (P = 0.006, %2 test).

Discussion

Many tumour-associated mutp53 proteins have been shown to
exhibit GOF properties that promote tumour progression and
metastasis?>?42>, Mutp53 proteins often accumulate to high
levels in tumours, which results in the enhanced mutp53 GOF
and is correlated with more advanced tumours>®. However, the
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Figure 4 | Over-expression of the MDM2 isoform in p53R172H/R172H ymours promotes mutp53 accumulation and tumorigenesis. (a) Increased mRNA
levels of the MDM2 isoform similar to human MDM2-B in splenic lymphomas from p53R172H/R172H mice compared with normal spleen tissues as analysed
by reverse transcription-PCR. (b) Increased mRNA levels of the MDM2 isoform similar to human MDM2-B in splenic and thymic lymphomas from
p53R172H/R72H mice compared with normal spleen and thymus tissues as analysed by Tagman real-time PCR. Data are presented as mean * s.d. P< 0.001,
Student t-test. Normal spleen: n=8; splenic lymphoma: n=14; normal thymus: n=>5; thymic lymphoma: n=10. (c) Increased MDM?2 isoform

protein levels correlate with mutp53 accumulation in splenic (left) and thymic (right) lymphomas. (d) Schematic model showing the domain structure of
mouse MDM2-FL and the MDM2 isoform similar to human MDM2-B which is over-expressed in p53R72H/R172H ,mours. TSS: translation starting site.
(e) Ectopic expression of the mouse MDM2 isoform (iso MDM2) promoted mutp53 accumulation in H1299-R175H (left), HCT116 p53R248w/ —
(middle) and p53RT72H/R172H MEF (right) cells. Con: Control. Cells were transfected with mouse MDM2 isoform expression vectors, and mutp53 protein
levels were measured by western-blot assays at 24 h after transfection. (f) The mouse MDM2 isoform inhibited MDM2-FL-mediated degradation of
mutp53 (R175H) in 2KO cells. (g) The mouse MDM2 isoform promoted the growth of HCT116 p53R248W — xenograft tumours (P=0.01, ANOVA, followed
by Student's t-test) (left panel). This promoting effect was largely abolished in HCT116 p53 —/ — xenograft tumours (right panel). Tumour volumes
are presented as mean +s.d., n=10/group.

mechanisms by which mutp53 accumulates in tumours are not
well understood. Results from this study provide clear evidence
that overexpression of MDM2-B in tumours is an important
mechanism to compromise the MDM2-FL activity in mutp53
degradation, which contributes to mutp53 accumulation in
tumours.

In this study, we demonstrated that MDM2-B binds to
MDM2-FL and inhibits the function of MDM2-FL in degradation
of mutp53, which leads to mutp53 accumulation and increased
mutp53 GOF in tumour cells. Consistently, overexpression of a
MDM?2 isoform similar to human MDM2-B in structure was
observed in majority of tumours in p53R172H/RI72H mice but not
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Figure 5 | MDM2-B over-expression correlates with mutp53 accumulation
increased in a large percentage of human colorectal cancers compared with
colorectal cancers and their adjacent normal tissues. MDM2-B mRNA levels
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in human colorectal tumours. (a) MDM2-B mRNA levels were significantly
adjacent normal tissues (n=100). Total RNA was prepared from FFPE
were determined by Tagman real-time PCR and normalized with actin. Data

are presented as mean = s.d., n=100/group. (b) Western-blot assays in a subset of fresh frozen human colorectal cancer tissues (n=25) confirmed the

over-expression of a MDM?2 isoform at the size corresponding to MDM2-B

in human colorectal cancers. Representative images of western-blot

assays showing the over-expression of the MDM2 isoform in tumours. T: tumours; N: adjacent normal tissues. (¢) Representative images of p53
IHC staining in tissues. Scale bar: 30 um. (d) The spectrum of p53 mutation identified by direct sequencing of exons 2-11 of the p53 gene in human

colorectal cancers.

Table 1 | Correlation between MDM2-B overexpression and
p53 protein accumulation in human colorectal tumours.

p53 staining
Positive n (%)

Negative n (%)

MDM2-B
Overexpression 38 (58) 9 (26)
No change 28 (42) 25 (74)
Total 66 (100) 34 (100)

P=0.006; 12 test.

in normal tissues. This mouse MDM2 isoform promotes mutp53
accumulation in cells and tumour growth in a largely mutp53-
dependent manner in mice. Our results further show that
MDM2-B overexpression is significantly correlated with mutp53
accumulation in human colorectal tumours. Previous studies ever
reported that MDM2 isoforms can increase wtp53 levels and
function'®!”. For instance, Evans et al!® reported that the
binding of MDM2-B to MDM2-FL increases wtp53 activity.
Dang et al!” reported similar observations with the mouse
MDM2 isoforms. However, MDM?2 isoforms are frequently
overexpressed in tumours, and have been shown to promote
tumorigenesis. The biological significance of the observation
that MDM2 isoforms promote wtp53 protein accumulation
and activity in cells is unclear. Our results that MDM2-B
promotes mutp53 accumulation and its GOF in tumorigenesis
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highlights the biological significance of MDM2-B overexpression
in tumours.

In this study, we further investigated the mechanisms by which
MDM2-B inhibits MDM2-FL binding to and degradation of
mutp53. Results from this study showed that the interaction of
MDM2-B and MDM2-FL increases the localization of MDM2-FL
in the cytoplasm (Fig. 2f), thereby reducing the nuclear
localization of MDM2-FL and decreasing the MDM2-FL binding
to mutp53, which is mainly localized in the nucleus. Furthermore,
the interaction of MDM2-B and MDM2-FL disrupts the
dimerization and oligomerization of MDM2-FL, which is needed
for efficient p53 ubiquitination by MDM2-FL (Supplementary Fig.
S8). Taken together, our results strongly suggest that MDM2-B
may inhibit the function of MDM2-FL in degradation of mutp53
through two mechanisms. First, MDM2-B increases the cytoplas-
mic localization of MDM2-FL and thereby decreases MDM2-FL
binding to mutp53 in the nucleus; second, MDM2-B disrupts the
dimerization/oligomerization of MDM2-FL to reduce its E3 ligase
activity towards mutp53.

The mechanisms for MDM2-B over-expression in tumours are
not well understood. Chandler et al33 reported that UV
irradiation induced alternative splicing of the MDM?2 gene, with
MDM2-B as the predominant spliced MDM2 isoform, in several
human cell lines. Results from this study suggest that mutp53
does not have an apparent effect on the expression levels of
MDM2-B (Supplementary Fig. S15). Future studies will further
shed light on the underlying mechanisms for MDM2-B
overexpression in tumours.
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In addition to MDM2, chaperone-associated ubiquitin ligase
(CHIP) has been shown to target both wtp53 and mutp53 for
degradation®*~%’. Tt has been suggested that some mutp53
proteins, especially those with conformational mutations, can
interact with molecular chaperone Hsp90, which in turn inhibits
the function of CHIP and MDM2-FL in mutp53 degradation*.
Disruption of Hsp90-mutp53 interaction by siRNA or an Hsp90
inhibitor can liberate mutp53 and lead to CHIP- and MDM2-FL
mediated mutp53 degradation®®. A recent study by Li et al’
further demonstrated that suberoylanilide hydroxamic acid
(SAHA), a histone deacetylase (HDAC) inhibitor, can inhibit
HDACS, an essential positive regulator of HSP90, which in turn
releases mutp53 and promotes mutp53 degradation, resulting in
preferential cytotoxicity for tumour cells expressing mutp53.
Interestingly, a recent study showed that mutp53 protein can be
induced by stress signals such as ionizing radiation and reactive
oxygen species’®. Considering that the levels and activities of
wtp53 are regulated by many positive and negative regulators and
different mechanisms in cells, the levels of mutp53 could be
regulated by other mechanisms in addition to MDM2, CHIP and
Hsp90. Future studies should further increase our understanding
of the regulation of mutp53 and MDM2-B levels in cells.

In summary, this study demonstrates that MDM2-B interacts
with MDM2-FL and inhibits its function to degrade mutp53, which
leads to mutp53 accumulation and increased mutp53 GOF in
tumours. Thus, overexpression of MDM2-B is an important
mechanism for mutp53 accumulation in tumours, which contributes
to mutp53 GOF in tumorigenesis. Furthermore, mutp53 accumula-
tion and resultant enhanced mutp53 GOF is an important
mechanism by which MDM2-B promotes tumorigenesis. The role
of MDM2-B in promoting the accumulation and GOF of mutp53
provides a rationale for new therapeutic strategies by targeting
MDM2-B overexpression in tumours carrying mutp53.

Methods

Cells and cell transfection. Human H1299 (p53-null), T47D (mutp53), Huh7
(mutp53) and DLD-1 (mutp53) cells were obtained from ATCC. Human HCT116
p53+/+, HCT116 p53~/~ and HCT116 p53R248W/ — cells were generous gifts from
Dr B. Vogelstein at Johns Hopkins University. Mouse p53 ~/ ~ mdm2 ~/~ double-
knockout (2KO) embryonic fibroblasts were generous gifts from Dr Guillermina
Lozano at M.D. Anderson Cancer Center. Human lung H1299-HW24 cell line that
expresses wtp53 under the regulation of tetracycline was a generous gift from Dr
Carol Prives at Columbia University!8, p53R172H/RI72H MEEs were generated from
p53RI72H/RI72H mice as described previously®. In brief, MEFs were obtained from
13.5-day-old male and female embryos, and cultured at 37 °C in DMEM containing
10% fetal bovine serum supplemented with penicillin and streptomycin.
Transfections of above-mentioned cells with plasmids or siRNA were performed by
using Lipofectamine 2000 (Invitrogen). siRNA oligos against MDM2-FL and p53,
respectively, were purchased from Integrated DNA Technologies. siRNA target
MDM2-FL: 5 AUGUGAAGAUGAAGGUUUCUCUUCCUG 3'; siRNA target
p53: 5 GACUCCAGUGGUAAUCUACUU 3'. Another set of pre-designed,
functionally validated siRNA oligos against MDM2-FL (Cat#S100300846) and p53
(Cat#8102655170) were purchased from Qiagen. Two siRNA oligos against
MDM2-B were designed at the splicing junction, which specifically target MDM2-
B but not MDM2-FL; siRNA-1: 5 GAGACCCUGGACUAUUGGA 3'; siRNA-2:
5 GACCCUGGACUAUUGG 3'. Retroviral shRNA vectors against MDM2-FL
purchased from Open Biosystems, Thermo Scientific (Cat# RHS4531-EG4193)
were transduced into HCT116 p53R%48"/ ~ and selected by puromycin. Cells were
treated with various concentrations of proteasome inhibitor MG132 (Sigma) or
cycloheximide (CHX) (Sigma) for various time periods before being harvested for
further analysis.

Construction of plasmids. The pCMV-MDM2-B-Flag vector was cloned by
inserting the MDM2-B DNA fragment from the pPCDNA-MDM2-B expression vector
(a generous gift from Dr Linda Harris at St Jude Children’s Research Hospital) into
the pCMV-Flag vector (Sigma). Mouse MDM2 isoform detected in tumours was
amplified by the following pair of primers: forward: 5'-CCGCTCGAGATGTGCA
GCGGCGGCAGCA-3/, reverse: 5'-GGAATTCGCGTTGAAGTAAGTTAGCA
CAATCA-3'. The PCR products were cloned into the pPCMV-Flag plasmid.

Western-blot assays. Standard western-blot assays were used to analyse the levels
of protein. Anti-p53 (FL393; 1:1,000 dilution) (Santa Cruz), anti-MDM2 (2A10;

10

1:1,000 dilution)*7, anti-Flag (1:10,000 dilution; Sigma) and anti-B-actin (1:20,000
dilution; Sigma) antibodies were used to determine the levels of total p53, MDM2
(including MDM2-FL and MDM2-B), MDM2-B-Flag and Actin, respectively. The
full blots are shown in Supplementary Figs S16 and 17.

Immunoprecipitation assays. For immunoprecipitation (IP) experiments, 1 x 10°
2KO and H1299-R175H cells were transfected with different expression vectors,
including mutp53 vector (1 pug), MDM2-FL vector (3 pg), and MDM2-B-Flag
vector (3 pg). Cells were harvested at 24 h after transfection and lysed in NP-40
buffer. Anti-p53 (DO-1, 1:100 dilution; Santa Cruz), anti-MDM2 (3G5, 1:50
dilution)*’, a MDM2 antibody recognizing p53 binding domain, which is missing
in MDM2-B, and anti-Flag antibodies (1:100 dilution) were used to pull down
mutp53, MDM2-FL and MDM2-B-Flag, respectively.

IF staining assays. IF staining was performed as previously described*!. In brief,
cells grown on slides were fixed with 4% paraformaldehyde for 30 min and treated
with 0.5% Triton X-100 for 5 min, blocked with 1% bovine serum albumin for
30 min and stained with anti-MDM2 (3G5; 1:50 dilution) and anti-Flag (1:300
dilution) antibodies to detect MDM2-FL and MDM2-B-Flag, respectively. Slides
were washed and then incubated with Alexa Fluor 555 Goat Anti-Mouse IgG
(H+L) (Invitrogen) and Alexa Fluor 488 Goat Anti-Rabbit IgG (H+ L)
(Invitrogen). Nuclei were stained with 4/, 6-diamidino-2-phenylindole (DAPI;
Vector).

In vivo ubiquitination of p53. 2KO cells (1 x 10°) were transfected with different
expression vectors, including mutp53 vector (1 pg), MDM2-FL vector (3 ug),
MDM2-B-Flag vector (3 ng) and HA-ubiquitin vector (3 pg). At 24 h after trans-
fection, cells were treated with MG132 (30 uM) for 5h. Cells were then harvested
and lysed in NP-40 buffer. The levels of mutp53 ubiquitination were determined by
IP using DO-1 antibody (for mutp53) followed by western-blot assays with an anti-
HA (1:1,000 dilution) or anti-p53 (1:1,000 dilution) antibody.

Chemical crosslinking of proteins. Chemical crosslinking of proteins was per-
formed as previously described?’. In brief, cells were lysed in NP-40 lysis buffer.
Cell lysate containing 20 pg of protein was incubated with 0.02% glutaraldehyde for
20 min at 4 °C. The reaction was stopped by adding 2 x Laemmli SDS sample
buffer and proteins were analysed by western-blot assays.

Quantitative Tagman real-time PCR. Total RNA from cells or mouse tissues were
prepared by using an RNeasy kit (Qiagen). Total RNA from FFPE colorectal
tumour sections was prepared by using a High Pure miRNA Isolation kit (Roche).
cDNA was prepared by using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Human MDM2-B, MDM2-FL, p53, DDB2 and p21 primers,
human and mouse B-actin primers were purchased from Applied Biosystems.
Following primers and probe were used for Tagman real-time PCR assays for the
mouse MDM2 isoform: forward: 5'-CGGATCACCGCGCTTCT-3'; reverse:
5'-TTCTGTCTCACTAATGGATCTCCTTCT-3'; probe: 5'-CCTCCAGACTGTC
TACC-3'. The probe targets the splicing junction of the mouse MDM2 isoform.
Tagman real-time PCR was done in triplicate with TagMan PCR mixture (Applied
Biosystems). The expression of genes was normalized with the B-actin gene. The
specificity of MDM2-B and MDM2-FL primers were confirmed in 2KO cells
transiently transfected with expression vectors of MDM2-FL or MDM2-B-Flag.
The mRNA expression levels of MDM2-B, MDM2-FL and B-actin were deter-
mined by Tagman real-time PCR. The PCR products were analysed by agarose gel
electrophoresis (Supplementary Fig. S18).

Luciferase reporter assays. pGL3 reporter vectors containing the p53-binding
element in DDB2 (pGL3-DDB2) or p21 (pGL3-p21) promoter were employed for
luciferase reporter assays. H1299 cells were transfected with the combination of
different expression vectors including mutp53, TAp63, TAp73, MDM2-FL and
MDM2-B-Flag expression vectors, luciferase reporter vectors pGL2-DDB2 or
pGL3-p21. pRL-SV40 vectors expressing Renilla luciferase were co-transfected as
an internal control to normalize the transfection efficiency. The luciferase activities
were measured at 24 h after transfection by using the Dual-Luciferase Reporter
Assay system (Promega).

Cell migration and invasion assays. The transwell system (24 wells, 8 uM pore
size, BD Biosciences) was employed for cell migration and invasion assays. For
migration assays, 1-3 x 10* cells in 300 pl of FBS-free medium were seeded into
upper chambers, and the lower chamber was filled with 750 ul medium supple-
mented with 10% FBS. For T47D cells, the lower chamber was filled with 1:1 mix of
medium supplemented with 10% FBS and NIH 3T3 cell-conditioned medium. For
matrigel invasion assay, transwell membranes were pre-coated with 50 pl Matrigel
(BD Biosciences). After cells were cultured at 37 °C for 24 h, cells in the upper
surface of the membrane were removed and cells on the lower surface were fixed
with methanol and stained with crystal violet. The number of cell was counted in at
least five randomly selected fields under an optical microscope.

| 4:2996 | DOI: 10.1038/ncomms3996 | www.nature.com/naturecommunications

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

Xenograft tumorigenicity analysis. The 7-week-old BALB/c nu/nu male athymic 9. Terzian, T. et al. The inherent instability of mutant p53 is alleviated by Mdm2

nude mice (Taconic) were employed for xenograft tumorigenicity analysis with the or p16INK4a loss. Genes Dev. 22, 1337-1344 (2008).

approval of the Institutional Animal Care and Use Committee of Robert Woosd 10. Bartel, F. et al. Amplification of the MDM2 gene, but not expression of splice

Johnson Medical School of Rutgers State University of New Jersey. Cells (5 x 10° in variants of MDM2 MRNA, is associated with prognosis in soft tissue sarcoma.

O.g ml PBS) were injected subcutaneously (s.c.) into nude mice. A.fter injection, Int. J. Cancer 95, 168-175 (2001).

mice were examined and tumour volumes we;e measured three times/week for 3 11. Matsumoto, R. et al. Short alternative splice transcripts of the mdm2 oncogene

}veeks. 'ljum}c:ur voll;lmle:' 1/12 (length x width?). Tumour samples were processed correlate to malignancy in human astrocytic neoplasms. Cancer Res. 58,

or routine histopathological examination. 609-613 (1998).

12. Bartel, F., Harris, L. C., Wurl, P. & Taubert, H. MDM2 and its splice variant

In vivo lung metastasis analysis. For lung metastasis analysis, HCT116 messenger RNAs: expression in tumors and down-regulation using antisense

p538248%/ = and HCT116 p53 — / — cells with stable ectopic expression of MDM2- oligonucleotides. Mol. Cancer Res. 2, 29-35 (2004).

B-Flag and control cells with stable transfection of control empty vectors (2 x 105 13. Bartel, F., Taubert, H. & Harris, L. C. Alternative and aberrant splicing of

in 0.1 ml PBS) were injected into nude mice via tail vein. The mice were killed at 6 MDM2 mRNA in human cancer. Cancer Cell 2, 9-15 (2002).

weeks after the inoculation and lungs were removed and fixed in formaldehyde. 14. Fridman, J. S. et al. Tumor promotion by Mdm?2 splice variants unable to bind

The number of lung metastatic tumours was counted under a dissecting micro- p53. Cancer Res. 63, 5703-5706 (2003).

scope and confirmed by histopathological analysis. Animal protocols were 15. Schuster, K., Fan, L. & Harris, L. C. MDM2 splice variants predominantly

approved by the Institutional Animal Care and Use Committee of Robert Wood localize to the nucleoplasm mediated by a COOH-terminal nuclear localization

Johnson Medical School of Rutgers State University of New Jersey. signal. Mol. Cancer Res. 5, 403-412 (2007).

16. Evans, S. C. et al. An alternatively spliced HDM2 product increases p53 activity
. . . . by inhibiting HDM2. Oncogene 20, 4041-4049 (2001).

Detection of MDM2 |soforms n mquse tumours. T,Otal RNA was isolated from 17. Dang, J. et al. The RING domain of Mdm?2 can inhibit cell proliferation. Cancer

mouse normal and tumour tissues using an RNeasy kit (Qiagen). cDNA was Res. 62, 1222-1230 (2002).

p repafed by using random primers and a Tagman reverse transcription kl.t 18. Chen, X,, Ko, L. J., Jayaraman, L. & Prives, C. p53 levels, functional domains,

(Applied Biosystems). A pair of primers was used to amplify MDM2 and its d DNA d determine the extent of th toti £t

isoforms. The sequences of the primers are as following: exon 1 forward: an amage determine the extent of the apoptotic response of tumor

5-CCGCTCGAGGCTTTGTTAACGGG-3'; exon 12: reverse: 5-GGAATTCC cells. Genes Dev. 10, 2438-2451 (1996). ,

TAGTTGAAGTAAGTT-3. 19. Cheng,_ Q., Chen, L.,‘ Li, Z.,-Lar_le, W. S. & Chen, .].‘ATM activates p53 by

regulating MDM2 oligomerization and E3 processivity. EMBO J. 28, 3857-3867
(2009).

Tumour specimens. Deidentified colorectal cancer tissues and their adjacent 20. Cheng, Q. et al. Regulation of MDM2 E3 ligase activity by phosphorylation

normal tissues (n =100 for FFPE tissues; n =25 for fresh frozen tissues) were after DNA damage. Mol. Cell Biol. 31, 4951-4963 (2011).

randomly collected from the database of The First Affiliated Hospital of Harbin 21. Honda, R,, Tanaka, H. & Yasuda, H. Oncoprotein MDM2 is a ubiquitin ligase

Medical University (Harbin, China) from January 2001 to January 2010. None E3 for tumor suppressor p53. FEBS Lett. 420, 25-27 (1997).

of the patients received pre-surgical chemotherapy. The use of human samples in ~ 22. Duan, W., Gao, L., Jin, D., Otterson, G. A. & Villalona-Calero, M. A. Lung

this study has an IRB approval from the ethics committee of Harbin Medical specific expression of a human mutant p53 affects cell proliferation in

University. transgenic mice. Transgenic Res. 17, 355-366 (2008).

23. Scian, M. J. et al. Modulation of gene expression by tumour-derived p53

Mutation detection of p53 in colorectal cancer tissues. The mutation detection mutants. Cancer Res. 64, 74477454 (2004).

: SN . 24. Adorno, M. et al. A Mutant-p53/Smad complex opposes p63 to empower

of the p53 gene was carried out by amplification of exons 2-11 from genomic DNA . .

with 9 pairs of primers within flanking intron sequences and then direct sequen- TGFbeta-induced metastasis. Cell 137, 877_98 (2_009)‘ R .

cing of these fragments from both sides. The sequences of primers are listed in 25. Wan'g, S.P. et al. P53 controls cancer cell' invasion by inducing the MDM2-

Supplementary Table SI. me.dlated degradatl{)n of Slug. Nat. Cell Biol. 11, 6?4—704 (2009).

26. Gaiddon, C., Lokshin, M., Ahn, J., Zhang, T. & Prives, C. A subset of tumor-
derived mutant forms of p53 down-regulate p63 and p73 through a direct

IHC assays of p53 in tumours. THC staining for p53 was performed as previously interaction with the p53 core domain. Mol. Cell Biol. 21, 1874~1887 (2001).

described®?. In brief, tissue sections were deparaffinized in xylene and rehydrated ~ 27. Strano, S. ef al. Physical and functional interaction between p53 mutants and

with ethanol. Tissue sections were then preincubated with 10% normal goat serum different isoforms of p73. J. Biol. Chem. 275, 29503-29512 (2000).

in PBS (pH 7.5) followed by incubation with anti-p53 antibody (DO-1, 1:100 28. Liu, J. et al. TAp63gamma enhances nucleotide excision repair through

dilution) for overnight at 4 °C. Tissue sections were then stained with biotinylated transcriptional regulation of DNA repair genes. DNA Repair (Amst.) 11,

secondary antibody (Vector). Immunoreactivity was detected by using a Vectastain 167-176 (2012).

Elite ABC kit (Vector). Known positive controls were included in each experiment,  29. Di Como, C. J., Gaiddon, C. & Prives, C. p73 function is inhibited by

and negative controls were obtained by omitting the primary antibody. tumor-derived p53 mutants in mammalian cells. Mol. Cell Biol. 19, 1438-1449

(1999).

Statistical analysis. The data were expressed as mean * s.d. The differences in 30. Stelnman, H. A ef al. An alternatlv.e spllge form' of Mdm? induces p53-

f tumour erowth among eroups were analvsed for statistical sienificance independent cell growth and tumorigenesis. J. Biol. Chem. 279, 4877-4886

Xenogra g g group ] Y ! g (2004).

by ANOVA, followed by Student’s t-tests using a GraphPad Prism software. All .

other P-values were obtained using Student ¢-test or y test. Values of P<0.05 were 3L El.schenf C. M., Weber, J. D., Roussel, M. F,, Sherr, C. J. & Cl(fveland, J. L

considered to be significant. Disruption of the ARF-Mdm2-p53 tumor suppressor pathway in Myc-induced

lymphomagenesis. Genes Dev. 13, 2658-2669 (1999).
32. Olivier, M. et al. The IARC TP53 database: new online mutation analysis and

References recommendations to users. Hum. Mutat. 19, 607-614 (2002).

1. Levine, A.J., Hu, W. & Feng, Z. The P53 pathway: what questions remain to be ~ 33. Chandler, D. S., Singh, R. K., Caldwell, L. C,, Bitler, J. L. & Lozano, G.
explored? Cell Death Differ. 13, 1027-1036 (2006). Genotoxic stress induces coordinately regulated alternative splicing of the p53

2. Vousden, K. H. & Prives, C. Blinded by the light: the growing complexity of modulators MDM2 and MDM4. Cancer Res. 66, 9502-9508 (2006).
p53. Cell 137, 413-431 (2009). 34. Muller, P., Hrstka, R., Coomber, D., Lane, D. P. & Vojtesek, B. Chaperone-

3. Brosh, R. & Rotter, V. When mutants gain new powers: news from the mutant dependent stabilization and degradation of p53 mutants. Oncogene 27,
p53 field. Nat. Rev. Cancer 9, 701-713 (2009). 3371-3383 (2008).

4. Blandino, G., Levine, A. J. & Oren, M. Mutant p53 gain of function: differential ~ 35. Esser, C., Scheffner, M. & Hohfeld, J. The chaperone-associated ubiquitin ligase
effects of different p53 mutants on resistance of cultured cells to chemotherapy. CHIP is able to target p53 for proteasomal degradation. J. Biol. Chem. 280,
Oncogene 18, 477-485 (1999). 27443-27448 (2005).

5. Olive, K. P. et al. Mutant p53 gain of function in two mouse models of 36. Li, D. et al. Functional inactivation of endogenous MDM2 and CHIP by HSP90
Li-Fraumeni syndrome. Cell 119, 847-860 (2004). causes aberrant stabilization of mutant p53 in human cancer cells. Mol. Cancer

6. Lang, G. A. et al. Gain of function of a p53 hot spot mutation in a mouse model Res. 9, 577-588 (2011).
of Li-Fraumeni syndrome. Cell 119, 861-872 (2004). 37. Li, D., Marchenko, N. D. & Moll, U. M. SAHA shows preferential

7. Midgley, C. A. & Lane, D. P. p53 protein stability in tumour cells is not cytotoxicity in mutant p53 cancer cells by destabilizing mutant p53
determined by mutation but is dependent on Mdm?2 binding. Oncogene 15, through inhibition of the HDAC6-Hsp90 chaperone axis. Cell Death Differ. 18,
1179-1189 (1997). 1904-1913 (2011).

8. Lukashchuk, N. & Vousden, K. H. Ubiquitination and degradation of mutant ~ 38. Suh, Y. A. et al. Multiple stress signals activate mutant p53 in vivo. Cancer Res.
p53. Mol. Cell Biol. 27, 8284-8295 (2007). 71, 7168-7175 (2011).

| 4:2996 | DOI: 10.1038/ncomms3996 | www.nature.com/naturecommunications 11

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

39. Harvey, D. M. & Levine, A. J. p53 alteration is a common event in the
spontaneous immortalization of primary BALB/c murine embryo fibroblasts.
Genes Dev. 5, 2375-2385 (1991).

40. Chen, J., Marechal, V. & Levine, A. ]J. Mapping of the p53 and mdm-2
interaction domains. Mol. Cell Biol. 13, 4107-4114 (1993).

41. Zhang, C. et al. Parkin, a p53 target gene, mediates the role of p53 in glucose
metabolism and the Warburg effect. Proc. Natl Acad. Sci. USA 108,
16259-16264 (2011).

42. Hu, W. et al. Gene Amplifications in well-differentiated pancreatic neuro-
endocrine tumors inactivate the p53 pathway. Genes Cancer 1, 360-368 (2010).

Acknowledgements

W.H. is supported by National Institutes of Health (NIH) Grant 1R01CA160558-01,
Department of Defence Grant W81XWH-10-1-0435, the Ellison Foundation, and the
New Investigator Award of Rutgers Cancer Institute of New Jersey. Z.F. is supported by
NIH Grant 1R01CA143204-01. We thank Dr Arnold Levine and Dr Mushui Dai for
helpful discussion.

Author contributions

W.H,, LL. and ZF. directed the project. Z.F.and W.H. designed the experiments. T.Z.,
JW,YZ,CZ, ML, XW, H. Y, LL, ZF. and W.H. performed the experiments. Z.F.,
LL. W.H. analysed the data. Z.F. and W.H. wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Zheng, T. et al. Spliced MDM2 isoforms promote mutant
p53 accumulation and gain-of-function in tumorigenesis. Nat. Commun. 4:2996
doi: 10.1038/ncomms3996 (2013).

| 4:2996 | DOI: 10.1038/ncomms3996 | www.nature.com/naturecommunications

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Spliced MDM2 isoforms promote mutant p53 accumulation and gain-of-function in tumorigenesis
	Introduction
	Results
	MDM2-B promotes mutp53 protein accumulation in cells
	MDM2-B inhibits MDM2-FL to bind to and degrade mutp53
	MDM2-B promotes mutp53 GOF in tumour growth and metastasis
	MDM2-B enhances the inhibitory effect of mutp53 on p63 and p73
	Overexpression of a MDM2 isoform in p53R172H/R172H tumours
	MDM2-B levels correlate with mutp53 levels in human tumours

	Discussion
	Methods
	Cells and cell transfection
	Construction of plasmids
	Western-blot assays
	Immunoprecipitation assays
	IF staining assays
	In vivo ubiquitination of p53
	Chemical crosslinking of proteins
	Quantitative Taqman real-time PCR
	Luciferase reporter assays
	Cell migration and invasion assays
	Xenograft tumorigenicity analysis
	In vivo lung metastasis analysis
	Detection of MDM2 isoforms in mouse tumours
	Tumour specimens
	Mutation detection of p53 in colorectal cancer tissues
	IHC assays of p53 in tumours
	Statistical analysis

	Additional information
	Acknowledgements
	References




