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ORIGINAL ARTICLE

MDM?2 but not MDM4 promotes retinoblastoma cell
proliferation through p53-independent regulation of MYCN
translation

D-L Qi'? and D Cobrinik'*>*>¢

Retinoblastomas can arise from cone photoreceptor precursors in response to the loss of pRB function. Cone precursor-specific
circuitry cooperates with pRB loss to initiate this process and subsequently contributes to the malignancy. Intrinsic high-level
MDM?2 expression is a key component of the cone precursor circuitry and is thought to inactivate p53-mediated tumor surveillance,
which could otherwise be induced in response to pRB loss. However, the MDM2-related MDM4 has also been proposed to abrogate
p53-mediated tumor surveillance in the absence of detectable MDM2 in retinoblastoma cells, bringing into question the
importance of high-level MDM2 versus MDM4 expression. Here we report that high-level MDM2 but not MDM4 has a consistent
critical role in retinoblastoma cell proliferation in vitro, as well as in orthotopic xenografts. Reduction of either MDM2 or MDM4
weakly induced p53, yet reduction of MDM2 but not MDM4 severely impaired proliferation and survival through a p53-
independent mechanism. Specifically, MDM2 upregulated the mRNA expression and translation of another component of the cone
circuitry, MYCN, in retinoblastoma cells. Moreover, MYCN was essential to retinoblastoma cell growth and tumor formation, and
ectopic MYCN partially reversed the effects of MDM2 depletion, indicating that MYCN is an important MDM2 target. These findings
indicate that high-level MDM2 expression is needed in order to perform a critical p53-independent function and may obviate the

need for genomic alterations to the p53 pathway during retinoblastoma tumorigenesis.
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INTRODUCTION

Retinoblastomas initiate with exceptionally high efficiency in
response to the loss of functional pRB protein.' The tumors are
thought to arise from cone photoreceptor precursors, as pRB
depletion induces proliferation and development of retinoblastoma-
like tumors in cone precursors but not in other retinal cell types.?
Moreover, retinoblastomas have a predominant cone protein
expression pattern® and progress from a cone precursor-like state
to less-differentiated states with increasing genomic alterations.*”
The proliferation of pRB-depleted cone precursors and retinoblastoma
cells depends upon cone precursor features, such as high expression
of cone factors RXRy and TRB2, high expression of the MDM2 and
MYCN oncoproteins, and SKP2-mediated downregulation of p27.2*%7
These observations imply that human cone-precursor circuitry
collaborates with pRB loss to initiate and sustain tumorigenesis.

The identification of the cone precursor origin of retinoblastoma
provides opportunities to define cell type-specific circuitry under-
lying the retina’s remarkable sensitivity to pRB loss. Among other
features, the cone circuitry must circumvent tumor suppressor
mechanisms that are thought to effectively respond to aberrant
proliferative signaling in other cell types.® For example, in many cell
types, pRB loss may deregulate E2F and enable aberrant cell
cycle entry,”"" but tumorigenesis is blocked by p53-mediated
surveillance.® This p53 response comes about because deregulated
E2F can induce expression of CDKN2AR 12714 which allows ARF to

prevent MDM2-mediated p53 degradation.'® In most cancers, this
surveillance circuitry is impaired by TP53 mutation, CDKN2AM
inactivation or MDM2 gene amplification.'® However, most if not all
retinoblastomas lack such alterations,>'”'® suggesting that p53-
mediated surveillance is impaired through an alternative mechanism.
Prior studies suggested that intrinsic high-level MDM2 expres-
sion in human cone precursors attenuates p53-mediated tumor
surveillance in pRB-depleted cone precursors as well as in
retinoblastoma cells.>* Concordantly, peptides and small mole-
cules such as Nutlin-3a that block the MDM2-p53 interaction
impair retinoblastoma cell survival.'®2' However, it was also
suggested that the p53 pathway is abrogated in retinoblastoma
by chromosome 1q gains encompassing the MDM2-related gene,
MDM4 (also known as MDMX),?' in the absence of detectable
MDM?2 protein.??* The high-level MDM4 protein expression in the
absence of detectable MDM2 hinted at an unusual mode of p53
regulation, as MDM2 and MDM4 normally cooperate to promote
p53 degradation and to impair p53-mediated transactivation.?* To
reconcile the proposed lack of MDM2 with the powerful effects of
Nutlin-3a it was suggested that Nutlin-3a inhibits tumorigenesis
primarily by impairing the MDM4-p53 interaction.®’*®
Nevertheless, the roles of MDM4 and MDM?2 in retinoblastomas
remain uncertain. 1q gains encompassing MDM4 are acquired
after tumor progression* and thus could not contribute to the
cone precursors’ initial proliferative response to pRB loss nor to
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retinoblastomas that lack 1q gains.?® Moreover, although MDM4 RESULTS
was found to downregulate p53-mediated apoptosis in response  High-level MDM2 but not MDM4 is required for retinoblastoma
to DNA damage' it was not shown to be essential for  cell proliferation and tumorigenesis
retinoblastoma cell proliferation in the absence of DNA damage, To evaluate the roles of MDM2 and MDM4, we first compared their
which may ?f more relevant to the escape from p53-mediated expression in five established retinoblastoma cell lines (Y79,
surveillance.”” Also, MDM2 and MDM4 have increasingly appre- WERI-1, RB176, RB177 and CHLAVC-RB43), in five early passage
ciated yet poorly defined p53-independent functions whose roles  yatinoblastoma cell preparations (RB212, RB214, RB216, RB217 and
in retinoblastoma have not been explored. These issues bring into RB218) and in human fetal retina. Both MDM2 and MDM4 were
question whether intrinsically high levels of MDM2, acquired high  yeadily detected at higher levels in all retinoblastoma cell lines and
levels of MDM4 or both inactivate the p53 pathway and/or iy most of the primary cultures (4/5 for MDM2 and 3/5 for MDM4)
perform other functions in retinoblastoma cells. as compared with the normal retina (Figure 1a; Supplementary

Here we re-assessed the roles of high levels of MDM2 and  Figyre S1), consistent with prior reports.> ™2 One primary culture
MDM4 in retinoblastoma cell proliferation and survival. We report expressed MDM?2 at levels similar to the normal retina, possibly
that high-level expression of MDM2 but not MDM4 performs a reflecting distinct tumor evolution.

critical p53-independent function, and we propose that the Prior studies showed that high-level MDM2 expression is crucial
exorbitant MDM2 expression that is needed to fulfill its p53-inde- for retinoblastoma cell proliferation and survival,® and that high-
pendent role obviates the need for genomic alterations to the ARF- level MDM4 contributes to the retinoblastoma cell DNA damage
MDM2-p53 tumor surveillance pathway in retinoblastoma tumors. response but has less effect in the absence of DNA damage.'
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Figure . MDM2 but not MDM4 maintains retinoblastoma cell proliferation. (a) Western analysis of MDM2 (with SMP14), MDM4, p53, MYCN
and o-tubulin expression in post-fertilization week 19 human fetal retina and in four retinoblastoma (RB) and two neuroblastoma (NB) cell
lines. (b) Western analysis at day 4 (left) and cell growth response (right) of RB176 cells after infection with lentivirus expressing shRNAs
against MDM2 (shMDM2-1 and shMDM2-2) or against MDM4 (shMDM4-1), or expressing a scrambled shRNA control (Scr). Values and error
bars denote mean and s.d. of triplicate assays. (c) Tumors formed up to 3.5 months after xenograft of RB176-luc cells transduced with shScr,
shMDM2-1 or shMDM4-1, and engrafted into the sub-retinal space of athymic (nude) mice. P-values are from two-tailed Fisher’s exact test.
(d) Representative tumor growth tracked over 1.5 months by bioluminescent imaging (left) and MDM4 and HuNu expression in the tumors
examined by western blot sequentially probed with anti-HuNu (bottom) followed without stripping with anti-MDM2 (top).
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To compare their roles, we assessed the consequences of
lentivirus-mediated transduction of MDM2-directed, MDM4-
directed and scrambled control shRNAs (referred to as shMDM2,
shMDM4 and shScr). By 4 days after transduction, MDM2-directed
shRNAs depleted MDM2 by ~70% and induced cell death in
RB176 (Figure 1b), as well as in WERI-1 and Y79 cells
(Supplementary Figure S2), as previously shown for Y79, RB177
and RB1782 Cell death was associated with increased cleaved
caspase 3 in past studies of Y79% and in these analyses of RB176
(Figure 2b), implying that MDM2 was needed to suppress
apoptosis. In contrast, a similar or greater level of MDM4
knockdown only marginally diminished proliferation in RB176,
WERI-1 and Y79 (Figure 1b; Supplementary Figure S2), in
agreement with a prior analysis of MDM4 knockdown in the
absence of radiation.?’ MDM4 expression remained suppressed at
15 days after shMDM4 transduction in RB176 and WERI-1
(Supplementary Figures S2A and B), demonstrating that the cells
had not escaped the MDM4 knockdown but readily tolerated
reduced MDM4 expression. Thus, high-level MDM2 but not MDM4
is critical to retinoblastoma cell proliferation and survival in vitro.

To assess whether MDM2 is also required and MDM4 is also
dispensable for tumorigenesis in vivo, we determined whether
depletion of each prevents tumors from arising after orthotopic
xenograft. Luciferase-expressing RB176-luc cells were engrafted
into the sub-retinal space of nude mice 2 days after transduction
with shScr, shMDM2 or shMDM4. Over 2 months, scrambled
control and MDM4-depleted but not MDM2-depleted cells formed
tumors (Figure 1c). Tumors derived from cells transduced with shScr
first appeared 4 weeks after xenograft, whereas those derived from
MDM4-depleted cells first appeared at 7 weeks, in keeping with the
slower proliferation of MDM4-depleted cells in vitro. Importantly,
comparison of MDM4 levels with a human-specific protein (HuNu)
revealed that the tumors remained MDM4-deficient (Figure 1d).
Thus, retinoblastomas can develop with substantially reduced
MDM4 but not with reduced MDM2 expression.

High-level MDM2 enables retinoblastoma cell proliferation via a
p53-independent function

We next investigated the signaling pathways through which high-
level MDM2 but not MDM4 maintains retinoblastoma cell survival,
initially focusing on whether high MDM2 is needed for p53
degradation and suppression of p53-mediated apoptosis. Con-
sistent with this possibility, MDM2 but not MDM4 co-
immunoprecipitated with p53 from lysates of RB176 and Y79
cells (Figure 2a). Importantly, the DO-1 p53 antibody used for this
analysis co-immunoprecipitated both MDM2 and MDM4 from
lysates of other cell types,?®?° despite that DO-1 recognizes an
epitope close to the p53 residues that contact MDM2.2® Thus, our
findings suggest that p53 preferentially binds MDM2 in retino-
blastoma cells. However, despite the preferential association of
p53 with MDM2, both MDM2 knockdown and MDM4 knockdown
weakly induced p53 (Figure 1b), and co-knockdown of MDM2
and MDM4 additively but still only modestly induced p53
(Supplementary Figure S3A). MDM2 knockdown also only modestly
induced expression of p53 targets p21 and PUMA (Figure 2b). In
contrast, p53 and p21 were far more markedly induced by 20 um
Nutlin-3a (Supplementary Figure S3B), which is a potent antagonist
of MDM2-p53 binding (Ki=0.7 pm) and a weak antagonist of
MDM4-p53 binding (Ki=28 um).2' The weaker p53 induction after
MDM2 knockdown as compared with Nutlin-3a treatment likely
relates to residual MDM2 mediating p53 degradation after MDM2
knockdown, whereas the more complete inhibition of MDM2 blocks
p53 degradation in response to Nutlin-3a.

The apoptotic response to MDM2 but not MDM4 knockdown
despite similar induction of p53 suggested that MDM2 might pro-
mote retinoblastoma cell survival through a p53-independent
mechanism. Accordingly, we used three approaches to assess
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whether p53 was needed for the death of MDM2-depleted
retinoblastoma cells.

We first evaluated whether the death of MDM2-depleted
retinoblastoma cells was suppressed by pifithrin-a (PFT-a), which
specifically blocks p53-induced transcriptional activity.>® We
infected cells with shMDM2 and shScr control virus in the absence
or presence of PFT-a, and analyzed expression of p53 and p21
(Figure 2b). In cells transduced with the shScr control, PFT-a did
not impede basal p21 expression, implying that there was little if
any basal p53 transcriptional activity. Following MDM2 depletion,
both p53 and p21 were induced, and two markers of apoptosis,
cleaved poly (ADP-ribose) polymerase (PARP) and cleaved caspase
3, were induced coinciding with cell death. PFT-a decreased the
induction of p21 and PUMA as previously observed,*>*' consistent
with partial p53 inhibition. However, PFT-a did not diminish
the effect of MDM2 knockdown on cleaved PARP, on cleaved
caspase 3 or on retinoblastoma cell death (Figure 2b), suggesting
that inhibition of p53-mediated transactivation did not mitigate
the death of MDM2-depleted retinoblastoma cells.

Because PFT-a only partially reversed p53-induced transcrip-
tional changes, and might not affect other p53 functions, we next
evaluated the effect of shRNA-mediated p53 depletion. In RB176
cells, p53 knockdown abrogated the induction of p21 following
MDM2 depletion, and slightly delayed but did not abrogate cell
death associated with induction of the apoptosis marker, cleaved
PARP (Figure 2c). These findings suggested that p53 marginally
contributed yet was not required for apoptosis of MDM2-depleted
retinoblastoma cells.

We also examined the effect of MDM2 depletion in retino-
blastoma cell line CHLA-RB215, which has a transactivation-
defective TP53 R175H mutation®? but no wild-type TP53 allele
(data not shown). In these cells, MDM2 knockdown increased p53
levels (Figure 2d), consistent with MDM2's ability to destabilize
mutant as well as wild-type p53.3* However, MDM2 knockdown
did not induce p53 targets such as p21 or PUMA, in keeping with
the impaired transcriptional activation of the TP53 R175H
mutation.>? Importantly, MDM2 depletion induced CHLA-RB215
cell death along with the apoptosis marker, cleaved PARP
(Figure 2d), conclusively showing that MDM2 has a p53-
independent survival function in retinoblastoma cells.

MDM2 promotes MYCN expression through a p53-independent
mechanism

Besides modestly inducing p53, MDM2 but not MDM4 knockdown
markedly diminished expression of MYCN and increased expression
of p27 (Figures 1b, 2b and ¢; Supplementary Figure S2). In RB176
cells, shRNA-mediated MDM2 knockdown by ~70% downregulated
MYCN by ~65% (Figure 2c) and increased p27 by two- to threefold.
Similar changes were evident in WERI-1, Y79 and CHLA-RB215
(Figure 2d; Supplementary Figures S2A-C), and similar effects were
elicited by three different MDM2-directed shRNAs (Figure 1b).

Interestingly, MYCN was not downregulated following the p53
induction elicited by MDM4 knockdown or by Nutlin-3a (Figure 1b;
Supplementary Figures S2A-C, S3A and B). Moreover, MYCN
downregulation following MDM2 knockdown was not affected by
the inhibition of p53 by PFT-a or by the co-knockdown of p53 in
RB176 (Figures 2b and c) and also occurred in the p53 mutant
CHLA-RB215 (Figure 2d). Thus, MDM2 sustained MYCN expression
through a p53-independent mechanism. Likewise, the increased
expression of p27 following MDM2 knockdown was only modestly
affected by co-knockdown of p53 in RB176 (Figure 2c) and
occurred in CHLA-RB215 (Figure 2d), implying that it was largely
p53-independent.

As decreased MYCN and increased p27 were previously found
to impair retinoblastoma cell proliferation,®’ we examined
whether these changes underlied MDM2's p53-independent role.
We first examined whether MDM2 was needed to sustain a level of

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 2.

MDM2 maintains retinoblastoma cell proliferation in a p53-independent manner. (a) p53 association with MDM2 but not with MDM4

in RB176 and Y79 cells detected by p53 or control IgG immunoprecipitation followed by MDM2, MDM4 and p53 western. *A nonspecific band
seen with SMP-14 antibody. (b) Western analysis after 6 h of treatment (left) and cell growth response (right) of RB176 cells treated with 10 or
20 um PFT-o starting 4 days after infection with lentivirus expressing shRNA against MDM2 (shMDM2-1) or a scrambled control (Scr).
(c) Western analysis at day 4 (left) and cell growth response (right) of RB176 cells after infection with lentivirus co-expressing shMDM?2 and
shp53 or shMDM2 and Scr. Signal intensity was normalized to a-tubulin and expression relative to Scr control is indicated below
corresponding panels. (d) Western analysis at day 4 (left) and cell growth response (right) of TP53%7°HR175H CH| A-RB215 cells after infection
with lentivirus expressing shMDM2-2 or a scrambled control (Scr). A similar result was obtained separately using shMDM2-1 (not shown).
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MYCN that is needed for retinoblastoma survival. In RB176
(Figures 1b and 2c) and CHLA-RB215 cells (Figure 2d), MDM2
knockdown downregulated MYCN by >75% coincident with
retinoblastoma cell death. Similarly, MYCN-directed shRNAs that
downregulated MYCN by > 75% induced cell death in RB176 and
CHLA-RB215 (Figures 3a and c). This implied that high-level MDM2
was required to achieve the high level of MYCN that is needed for
retinoblastoma cell viability in vitro. MYCN knockdown also
completely blocked production of orthotopic RB176 xenograft
tumors without downregulation of MDM2 or MDM4 (Figure 3b),
implying that MDM2 is needed to sustain the high MYCN levels
that are critical to retinoblastoma tumor growth in vivo.

Moreover, using appropriate ratios of MDM2 knockdown and
MYCN expression constructs to restore the original MYCN level
partially rescued the impaired RB176 cell growth caused by MDM2
depletion (Figure 3d). This effect of restoring the original MYCN
levels, without MYCN overexpression, confirmed that MYCN is an
important MDM2 target. Interestingly, this rescue was evident only
when transducing limiting shMDM2 that incompletely impaired
proliferation, implying that MDM2 contributes to retinoblastoma
cell survival in part by maintaining MYCN and in part through
additional functions. Combining p53 depletion with MYCN
restoration did not further rescue the growth of MDM2-depleted
RB176, and MYCN restoration failed to restore growth in MDM2-
depleted CHLA-RB215 (data not shown), indicating that the
additional MDM2 functions are also p53-independent.

We next examined whether MDM2 was needed to sustain
sufficiently low p27 expression to enable retinoblastoma cell
survival. Depending upon the experiment and cell line, MDM2
knockdown increased p27 expression by ~ 1.5- to 3-fold. However,
in prior studies, a far higher-level ectopic p27 expression only
modestly impaired retinoblastoma cell proliferation and
survival.”>* Using appropriate ratios of shMDM2 and shp27 to
restore the original p27 level did not rescue the growth of MDM2-
depleted cells (Figure 3e), implying that the shMDM2-induced
increase in p27 did not mediate retinoblastoma cell death and
growth arrest. Interestingly, MYCN knockdown also induced an
increase in p27 (Figures 3a and c), as previously seen in
neuroblastoma cells.>® Restoring MYCN largely prevented the
increased p27 in MDM2-depleted cells (Figure 3d), indicating that
MDM?2 suppresses p27 in part by sustaining high MYCN levels.

MDM2 promotes MYCN translation in retinoblastoma cells

As the p53-independent effects of MDM2 were in part mediated
by MYCN, we next investigated the mechanism by which MDM2
promotes MYCN expression. Importantly, MDM2 knockdown
decreased MYCN protein to a greater extent than it decreased
MYCN RNA. For example, in RB176, MDM2 knockdown with two
MDM2 shRNAs, respectively, decreased MYCN RNA by 9% and 31%
at day 3 and by 17% and 52% at day 4, whereas MYCN protein
expression declined by 44% and 61% at day 3 and by 64% and
90% at day 4 (Figures 4a and b). The greater decline in MYCN
protein than in MYCN RNA suggested that MYCN was regulated in
part via a post-transcriptional mechanism. To test whether MDM2
regulates MYCN protein stability, we examined the MYCN half-life
in RB176 cells treated with the protein synthesis inhibitor
cycloheximide starting 4 days after shRNA transduction. Although
MYCN expression in the MDM2-knockdown cells was greatly
reduced at the beginning of the treatment, the MYCN half-life was
unchanged (Figure 4c).

To evaluate whether MDM2 depletion impaired MYCN
translation, we labeled nascent cellular proteins in shMDM2-
and shScr-transduced RB176 cells with the alanine analog
L-azidohomoalanine (AHA), then lysed and sequentially immuno-
precipitated MYCN and a-tubulin (as a control), reacted the
immunoprecipitated AHA-labeled protein with a TAMRA-alkyne,
separated proteins by gel electrophoresis, and detected the newly
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synthesized immunoprecipitated MYCN and o-tubulin either by
ultraviolet imaging of TAMRA fluorescence or by immunoblotting
with anti-TAMRA antibody (Figure 5a).>® When normalized to a-
tubulin, newly synthesized AHA-labeled MYCN in RB176 cells
transduced with MDM2 shRNAs was 20% and 13% (for shMDM-1
and shMDM-2, respectively) of that in the scrambled control
(Figure 5b). This was similar to the reductions in total MYCN
protein determined by western blot and was reduced by ~40
and ~85% relative to MYCN RNA at the same time point
(Figures 5c and d). These results are representative of three
independent experiments, and MYCN translation was also
reduced relative to MYCN RNA in Y79 cells (Supplementary
Figure S4). Thus, we conclude that MDM2 maintains MYCN
MRNA expression and promotes MYCN protein translation via a
p53-independent mechanism in retinoblastoma cells.

DISCUSSION

Retinoblastomas are unique among human cancers in that they
form with exceptionally high penetrance in response to RBT
inactivation and usually lack genomic changes in the ARF-MDM2-
p53 tumor surveillance circuitry.>'”'® This and other evidence
suggested that retinoblastomas derive from a cell type—the cone
photoreceptor precursor—in which the ARF-MDM2-p53 axis is
impaired due to intrinsically high MDM2 expression, which
eliminates a need for MDM2 amplification and for TP53 or CDKN2A
mutation.> Concordantly, MDM2 has a critical role in proliferatin%
pRB-depleted cone precursors, as well as in retinoblastoma cells.”
Retinoblastomas have also been proposed to abrogate p53-
mediated surveillance by a chromosome 1q gain-related increase
in MDM4 in the absence of MDM2,%'~23 at variance with a critical
role for cone-related MDM2 regulation. Here we demonstrate that
high-level MDM2 but not MDM4 is needed for retinoblastoma cell
proliferation and survival, yet acts predominantly via a p53-
independent mechanism.

Whereas high-level MDM2 but not MDM4 was needed for
proliferation and survival in each of five retinoblastoma cell lines,
MDM2 knockdown and MDM4 knockdown engendered similar
and only weak induction of p53 and p53 targets. Moreover, this
induction of p53 was well tolerated, perhaps in part because the
increase in p53 was modest and in part because of a high level of
NANOS-mediated suppression of p53-activating kinases in retino-
blastoma cells.3” The modest induction of p53 in response to
MDM2 and/or MDM4 depletion contrasted with the marked
induction of p53 and p53-mediated cell death in response to
Nutlin-33,° most likely because residual MDM2 mediates p53
degradation after MDM2 knockdown, whereas Nutlin-3a effec-
tively blocks MDM2-mediated p53 degradation. Thus, the high-
level MDM2 expression critical to cultured retinoblastoma cell
proliferation substantially exceeds that which is needed to
suppress p53-mediated apoptosis.

Our results do not support a critical role for MDM4 in the
absence of MDM2 in retinoblastoma cells.?'™%* In the studies by
McEvoy et al,**?® the failure to detect MDM2 protein was
inconsistent with prior reports,>'®'? including the same group’s
analysis of a representative tumor.?" Furthermore, the failure to
detect MDM2 RNA in microarray analyses®? could be explained
by an initially incorrect MDM2 3’ untranslated sequence
designation in the NCBI RefSeq database (data not shown).
Regardless of the basis of the discrepancies, we detected MDM?2
at or above the average level of the developing retina in each of
five primary retinoblastomas and in each of five retinoblastoma
cell lines. Moreover, although MDM4 depletion sensitized
WERI-1 cells to DNA damaging agents it barely reduced
WERI-1 cell proliferation in the absence of DNA damage,®' as
confirmed here in multiple retinoblastoma cell lines. In contrast,
MDM2 knockdown induced total cell death in all retinoblastoma
lines examined in the absence of DNA damage. Importantly,
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Figure 3.

Day

MDM2 maintains retinoblastoma cell proliferation in part by promoting MYCN expression. (@) Western analysis at day 4 (left) and cell

growth response (right) of RB176 cells after infection with lentivirus expressing shRNA against MYCN or a scrambled control (Scr). (b) Tumors
formed by RB176-luc cells transduced with shScr but not by those transduced with shMYCN in mouse sub-retinal xenografts (right, P-value
from two-tailed Fisher's exact test). Western analysis of the cells used for xenograft (left). (c) Western analysis at day 4 (left) and cell growth
response (right) of CHLA-RB215 cells after infection with lentivirus expressing shRNA against MYCN or Scr. (d) Western analysis at days 4 and
25 (left and middle), and cell growth response (right) of RB176 cells after co-infection with lentivirus expressing shRNA against MDM2 or Scr
and with lentivirus expressing MYCN under control of the EF1a promoter (BN-MYCN) or the empty vector (BN). (e) Western analysis at day 4
(left) and cell growth response (right) of RB176 cells after co-infection with lentivirus expressing shMDM2 or Scr and with lentivirus expressing

shp27 or Scr.

p53-mediated tumor suppression may be more appropriately
evaluated in the absence of external DNA damage as the
tumor surveillance circuitry appears to respond to oncogenic
rather than DNA damage signaling.?’>%3° Thus, our work shows
that high-level MDM2 but not MDM4 is critical to retinoblastoma
cell growth and survival, whereas high-level MDM4 may

© 2017 Macmillan Publishers Limited, part of Springer Nature.

enhance cell proliferation and impede DNA damage-induced
apoptosis.

On the other hand, MDM4 clearly promoted retinal cell survival
both in Rbi1/p107-mutant mouse retina and in pRB-depleted
human retina.?’ However, the pRB-deficient retinal cells examined
in these models do not appear to represent human

Oncogene (2017) 1760-1769

1765



MDM2-mediated regulation of MYCN in retinoblastoma
D-L Qi and D Cobrinik

1766

—— —— — ... et — \YCN

1 0.39 0.56 1 0.1 0.36

— — — — s — — 03

- W \1D\M2 12

(=
©

@ Scr

0 shMDM2-2
o shMDM2-1
® shMDM4

MYCN mRNA
=
£

- . — — — — DA 0

Day3 Day4

— —— T — — — — 0-TUbUIIN

Day 3 Day 4

c Scr shMDM2-1

Time CHX (min): 0 10 20 30 60 0 10 20 30

N

t1/2 (Scr) = “26 min”
t1/2 (shMDM2) = “26 min”

=

\-———u-.,-—-—---~

MDM2
A Scr
05
MYCN ShMDM2-1
0.25
MYCN

| CESUS———

0.125

Relative MYCN intensity
(Logy)

0 20 40 60
Minutes

a-Tubulin

Figure 4. MDM2 regulates MYCN protein expression without altering its stability. (a) Western analysis of RB176 cells 3 or 4 days after infection
with lentivirus expressing shRNA against MDM2 or MDM4 or with a scrambled control (Scr). Signal intensity of MYCN was normalized to
a-tubulin. Numbers below the MYCN panel indicate relative MYCN expression upon MDM2 knockdown compared with Scr control.
(b) Quantitative reverse transcription-PCR analysis of the same samples plotted after normalization to GAPDH. Values and error bars denote
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shMDM2 samples) of the western analysis in the above panel. The level of MYCN at each time point was quantified using the longer and more
equivalent shMDM2 exposure, normalized to a-tubulin and the Log, values plotted (right), and MYCN half-life determined. Data are

representative of three independent experiments.

retinoblastoma. Tumors formed in Rb1/p107 knockout retina have
a predominant amacrine or horizontal cell protein expression
phenotype® and a variant of the model (lacking Rb7 and p730 and
hemizygous for p107) appeared to have a horizontal cell origin,*'
whereas human retinoblastomas have a predominant cone
protein expression phenotype and can derive from pRB-depleted
cone precursors.>> Similarly, human fetal retinal cells that prolifer-
ated in response to combined pRB loss and MDM4 overexpression
may have been retinal progenitor cells,?’ which have a robust
apoptotic response to pRB loss? In contrast, in isolated cone
precursors, pRB knockdown increased survival, induced proliferation
and enabled development of retinoblastoma-like tumors.? These
observations suggest that MDM4 overexpression promotes survival
and is synthetically oncogenic in apoptosis-prone pRB-deficient
retinal progenitor cells but not in the pRB-deficient cone
precursors that appear to give rise to retinoblastoma in humans.

The lack of requirement for MDM4 brings into question whether
the 1q gains detected in 45-78% of retinoblastomas?® and more
prevalent in later, less-differentiated tumors® target MDM4, in
keeping with evidence that 1q gains do not correlate with
increased MDM4 RNA expression.** Our data suggest that if 1q
gains were to enhance MDM4 levels this might only marginally
enhance retinoblastoma cell proliferation. Given MDM4's ability to
suppress p53,* it is not surprising that high-level MDM4 impedes
the p53-mediated DNA damage response and enhances prolifera-
tion. However, it is surprising and important that high-level MDM4
is not required for retinoblastoma cell proliferation and tumor-
igenesis. This argues against the use of drugs that selectively
target MDM4 and supports the use of agents that are specific to
MDM2 or that target MDM2 and MDM4* in retinoblastoma
patients.

In addition to high-level expression of MDM2 and MDM4,
retinoblastomas have been proposed to abrogate p53-mediated

Oncogene (2017) 1760-1769

ARF and

surveillance by miR-24-mediated downregulation of p14
3745

by NANOS-mediated suppression of p53-activating kinases,
which was proposed to result from pRB loss. Thus, retinoblastoma
cells may acquire several defects in the ARF-MDM2-p53 axis in
addition to their intrinsic high MDM2 expression in the cell-of-
origin circuitry.

The anti-proliferative effects of MDM2 depletion were not
affected by pharmacologic or genetic inactivation of p53,
indicating that MDM2 enables retinoblastoma cell proliferation
through one or more p53-independent function. We found that a
key p53-independent MDM2 function is to sustain high-level
expression of MYCN. Indeed, MYCN was expressed in each of
five RB1 —/— retinoblastoma cell lines and in each of five RB1 —/—
retinoblastoma cultures at high levels similar to that of MYCN-
amplified neuroblastoma cells. Although MYCN expression
depended upon MDM2 in all cell lines examined, MDM2 and
MYCN expression did not precisely correlate, implying that
additional factors also impact MYCN levels. Importantly, MYCN
was critical to retinoblastoma cell survival in vitro and for
development of orthotopic xenografts, suggesting that non-MYCN
amplified RBT—/— retinoblastomas depend upon high MYCN to
an extent similar to their MYCN amplified RB7+/+ retinoblastoma
and neuroblastoma counterparts.***” We also found that MDM2
increases MYCN RNA and promotes MYCN translation, as
previously seen in MYCN-amplified neuroblastoma cell lines.*® As
TP53, CDKN2A and MDM2 changes are rare in primary
neuroblastomas,*’***° MDM2 may concurrently drive MYCN
expression and impede p53 expression in early neuroblastoma
as well as in retinoblastoma genesis.

A detailed understanding of the mechanism by which MDM2
drives MYCN expression may provide ways to target MDM2's p53-
independent oncogenic function in retinoblastoma, neuroblas-
toma and perhaps other tumors. As a first priority, it will be

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 5. MDM2 regulates MYCN translation. (a) Diagram of protein translation assay. Nascent proteins were labeled with the azide-modified
alanine analog azidohomoalanine (AHA), immunoprecipitated and incorporated AHA reacted with a fluorescent TAMRA-labeled
alkyne. TAMRA-labeled proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and detected by immunoblot using
anti-TAMRA antibody (in b) or by ultraviolet (UV) fluorescence (in Supplementary Figure S4). (b) Protein translation assay performed on
AHA-labeled RB176 cells 4 days after infection with lentivirus expressing either of two shRNAs against MDM2 or a scrambled control (Scr).
AHA-labeled cell lysates either were sequentially immunoprecipitated with MYCN and then a-tubulin antibodies followed by anti-TAMRA
immunoblot (top) or were used for direct western analysis of MDM2, MYCN and a-tubulin (bottom). (c) Quantitation of total MYCN protein
(the average and s.d. of two western analyses of the same lysate) and newly translated MYCN protein, both normalized to a-tubulin.
(d) Quantitative reverse transcription-PCR analysis of MYCN RNA from the same AHA-labeled cells as used for protein analyses (average

and s.d. of triplicate technical replicates).

critical to determine whether MDM2 directly or indirectly controls
MYCN expression and similarly regulates other tumorigenesis-
related proteins. Indirect effects mediated by cell growth
inhibition or death signaling seem unlikely because MYCN levels
declined before overt viability changes, but cannot be ruled out.
As an E3 ubiquitylation and neddylation ligase, MDM2 could
regulate the stability of RNA-binding proteins,®' and as an RNA-
binding protein itself, MDM2 could affect translation or microRNA
function.>

In summary, retinoblastoma cells consistently express high-level
MDM?2 that in turn sustains high expression of MYCN, a critical
driver of retinoblastoma tumorigenesis. Our data suggest that the
high MDM2 levels needed to enhance MYCN expression exceed
those that are needed to downregulate p53 to innocuous levels,
and thus curtails the need to select for the genomic inactivation of
the ARF-MDM2-p53 tumor surveillance pathway. The MDM2-
MYCN axis provides a new therapeutic target for retinoblastoma
and neuroblastoma and provokes the question whether this axis
operates in additional human malignancies.

MATERIALS AND METHODS
Cell culture

All retinoblastoma cells were cultured in retinoblastoma (RB) medium and
maintained at 37 °C with 5% CO,.> RB176 and RB177 are established cell
lines® Y79 and WERI-RB1 were from American Type Culture Collection
(Manassas, VA, USA). CHLA-VC-RB43 and CHLA-RB215 were established by
culturing in Iscove’s modified Dulbecco’s media with 20% fetal bovine
serum and 1 X insulin-transferrin-selenium (Sigma-Aldrich, St Louis, MO,

© 2017 Macmillan Publishers Limited, part of Springer Nature.

USA), followed by over 10 passages in RB medium, will be described
separately. Early passage RB212, RB214, RB216, RB217 and RB218 were
explanted and cultured for <1 month.

shRNA and cDNA constructs

Lentiviral ShRNA constructs used the pLKO.1 vector from the TRC library
(Sigma-Aldrich) or were produced by inserting shRNA sequences as
described (Addgene; http://www.addgene.org/tools/protocols/plko/). TRC
library designations and target sequences are as follows: shMDM2-1:
TRCNO0000003380, 5'-CTCAGCCATCAACTTCTAGTA-3’; shMDM2-2:TRCN00O
0003377, 5'-GATTCCAGAGAGTCATGTGTT-3’; shMDM4-1:TRCN0000003858,
5’-GTTCACTGTTAAAGAGGTCAT-3’; shMDM4-2:TRCN0000003857, 5'-CACCT
AGAAGTAATGGCTCAA-3’, shMYCN-1:TRCN0000020695, 5'-CAGCAGCAGTT
GCTAAAGAAA-3’; shMYCN-2:TRCN0000020696, 5'-CGGACGAAGATGACTTC
TACT-3’; shp53:TRCN0000003753, 5'-CGGCGCACAGAGGAAGAGAAT-3’; and
shp27:TRCN0000039930, 5'-GCGCAAGTGGAATTTCGATTT-3'. The bidirec-
tional neomycin resistance (BN) lentiviral cDNA expression vector utilizes
the EF1a enhancer-promoter to drive a gene of interest and a
cytomegalovirus (CMV) minimal promoter to drive Neo' as described.?
BN-MYCN was produced by inserting MYCN cDNA sequences 729-2152
(NM_001293228.1, isoform 1) into the BN PshAl site using In-Fusion
(Clontech, Mountain View, CA, USA).

Lentivirus production and infections

Lentivirus was produced in 15 cm dishes by reverse transfection of Lenti-X
cells (Clontech) using 17.5 pg vector, 8.75 pug pVSV-G, 17.5 pg pCMV-dR8.91
and 219 pl 0.6 pg/pl polyethylenimine (Polysciences, Warrington, PA, USA).
DNAs and polyethylenimine were separately diluted in 2.5 ml of Dulbecco’s
modified Eagle’s medium (high glucose), incubated for 5 min, combined
and incubated for 15 min, added to 3x 10’ Lenti-X cells suspended in
20 ml of Dulbecco’s modified Eagle’s medium with 10% fetal bovine
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serum. Supernatants were collected at 48 and 68 h post transfection and
filtered through 0.45 um filter. shMDM2, shMDM4 and shScr infections
used 5 ml of virus for 5x10° cells. For co-knockdown infections, 100 l
unconcentrated shp53 or shp27 supernatant was combined with 5 ml
unconcentrated shMDM2 or shScr supernatant before infection. For MYCN
experiments, BN or BN-MYCN virus was concentrated by centrifugation at
26 000 r.p.m. (SWA4QTi rotor, Beckman Coulter, Brea, CA, USA) at 6 °C for
90 min followed by suspension in 500 pl of RB medium and infection of
5% 10 cells in ~50 pl of medium, followed the next day by re-infection
with unconcentrated shMDM2 or shScr. All infections were in 4 pug/ml
polybrene (Sigma-Aldrich) and initiated by pipetting 20 times. After
overnight culture, virus-infected cells were diluted with 1 ml (for
concentrated virus) or 8 ml (for unconcentrated virus) of RB medium.
Infected cells were selected starting 48 h post infection with 1-2 pug/ml
puromycin (1.5 ug/ml for RB176 and WERI-RB1, 1 ug/ml for RB194 and
2 pg/ml for Y79) for 48 h for pLKO.1 constructs or with 200 pg/ml G418 for
7 days for BN constructs, and fed every 2-3 days by replacing two-thirds of
the media.

Immunoprecipitation and immunoblotting

Cell lysates were prepared for western immunoblotting by suspending
1-2x 10° cells in lysis buffer (20 mm Tris (pH 7.5), 200 mm NaCl, 0.5% Triton-
X100, 0.5 mm EDTA, 10 mm dithiothreitol with protease (cOmplete) and
phosphatase (PhosSTOP) inhibitors (Roche Diagnostics, Indianapolis, IN,
USA) on ice for 5 min, and centrifuged at 14 000 r.p.m. for 10 min at 4 °C.
A unit of 20-50 pg of protein was separated by SDS-polyacrylamide gel
electrophoresis.

For co-immunoprecipitations, cells were treated with 50 um MG13
(Millipore, Bedford, MA, USA) for 14 h, lysed in lysis buffer (50 mm Tris
(pH 7.5), 150 mm NaCl, 0.2% Triton-X100, 2 mm EDTA and 10% glycerol with
inhibitors as above) for 10 min, and sonicated on ice for 10 s at 20% AMPL
using a Qsonica Q500 sonicator (Qsonica, WAKENBTECH, Kyoto, Japan).
The lysate was centrifuged at 14 000 r.p.m. as above for 10 min at 4 °C. The
supernatant was incubated with 2 pg of p53 DO-1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or mouse IgG with rotation for 2 h.
A volume of 30 ul Protein A/G beads (Santa Cruz) were added and
incubated with rotation for 2 h. Beads were pelleted (1000 r.p.m. F2402H
fixed angle rotor) and washed three times with 1 ml of lysis buffer
for 5min, separated by SDS-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes.

Primary antibodies were MDM2: SMP14 (Santa Cruz, sc-965) 1:200 and
4H26L4 (InVitrogen, Carlsbad, CA, USA; 700555) 1:300 (4H26L4 was used
for all MDM2 westerns unless noted); MDM4: 8C6 (Millipore, 04-1555)
1:300; MYCN: NCMIIT00 (Santa Cruz, sc-56729) 1:200; p53: FL393 (Santa
Cruz, sc-6243) 1:300; p21: C-19 (Santa Cruz, sc-397) 1:100; p27 (Becton
Dickenson, San Jose, CA, USA; 610241) 1:1000; PUMAo/B: H-136 (Santa
Cruz, sc-28226) 1:200; PARP (Cell Signaling Technology, Danvers, MA, USA;
#9542) 1:500; TAMRA: A-6397 (Thermo Fisher, Rockford, IL, USA; A-6397)
1:1000; human nuclear antigen (HuNu): 235-1 (Millipore, MAB1281) 1:1000;
a-tubulin: B 5-1-2 (Sigma-Aldrich, T5168) 1:5000; and horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz).

228

Quantitative reverse transcription—-PCR

Total RNA was isolated using GenElute Kit (Sigma-Aldrich). Reverse
transcription was performed with ImProm-Il (Promega, Madison, WI,
USA). mRNA levels were determined using SYBR Green Mix (BioRad,
Hercules, CA, USA) on an ABI 7900HT using 50°C (2 min) and
95 °C (10 min), followed by 95 °C (15s) and 60 °C (1 min) for 40 cycles.
The results were normalized to ACTB. Relative expression was calculated by
the AACt method. PCR primers were as follows: MYCN sense, 5'-CGACCACA
AGGCCCTCAGTA-3’; MYCN anti-sense, 5-CAGCCTTGGTGTTGGAGGAG-3’;
ACTB sense, 5-GCAAGCAGGAGTATGACGAGTC-3’; and ACTB anti-sense,
5’-CAAGAAAGGGTGTAACGCAACTAAG-3'.

Protein stability and translation assays
Cells treated with 30 um cycloheximide (EMD, Billerica, MA, USA) were
collected at various times for western analysis. Signal intensity was
quantified by ImageStudioLite (LI-COR Biosciences, Lincoln, NE, USA). After
normalization to a-tubulin, Log, values were plotted exponentially in Excel.
Half-life (t,,,) was determined using the Excel function, t;,, =In(2)/A (where
A is the decay constant).

Nascent protein was examined using Click-iT protein detection kit
(Life Technologies, Waltham, MA, USA). Cells were incubated for 20 min in
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RB medium with methionine-free Iscove’s modified Dulbecco’s media (Life
Technologies), followed by labeling with 50 pum of L-azidohomoalanine AHA
(Life Technologies) for 1 h. The cells were lysed in RIPA (Millipore) with
inhibitors as above for 10 min, and sonicated. The lysate was centrifuged
at 14 000 r.p.m. for 10 min at 4 °C. The supernatant was incubated with
2 ug of MYCN antibody with rotation for 2 h, incubated with 30 pl of
Protein A/G beads at 4 °C overnight and washed as above. Azide-modified
proteins were labeled with TAMRA and purified following the manufac-
turer's protocol, separated by electrophoresis and detected by laser
scanner (Biorad-FX Pro) or by western blot using anti-TAMRA antibody
(Life Technologies).36

Xenografts

Xenografts were performed on 8-week-old male athymic (Foxn1~")
mice (Taconic, Germantown, NY, USA). RB176-luc cells were established
by transduction of RB176 with lentiviral vector expressing thymidine
kinase-green fluorescent protein-luciferase under the EFla promoter.>?
At 2 days after lentivirus-mediated transductions with shMDM2, shMDM4,
shMYCN or shScr, infected cells were suspended at 1 x 10° cells/ml and 2 pl
2x10° cells/eye) injected into sub-retinal space.3 Tumor formation was
examined by bioluminescent imaging with IVIS and Livinglmage V.2.11
(Xenogen, Alameda, CA, USA). Mice were injected with 100 pl of 30 mg/ml
p-Luciferin (GoldBio, St Loius, MO, USA) via retro-orbital route and imaged
5 min following injection. Sample size was as needed to assess tumor
phenotypes. Mice were randomly assigned to different xenograft regimens
and the investigator blinded to the assignment until the tumor analyses.
Three mice with early death before the first observed tumor in the cohort
were excluded from the analyses. All mouse experiments were approved
and performed according to the guidelines of the Institutional Animal Care
and Usage Committee of Children’s Hospital Los Angeles.

Statistical analyses

Measurements were performed in triplicate and differences between
means assessed for significance using unpaired Student's t-tests.
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