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CHAPTER 6

General discussion



Oncogenic functions of MDMX in uveal melanoma

Malignant cells often highly express MDMX and/or MDM2 as means to dampen
p53 activity [1]. MDMZ2 is an E3 ubiquitin ligase whose activity results in ubiquitin-
dependent p53 degradation, while MDMX shields the transactivation domain of p53.
However, the oncogenic functions of MDMX are not limited to the inhibition of p53
activity [2, 3]. Chapter 2 reports which genes are transcriptionally controlled by MDMX
and to what degree this regulation is p53-dependent. The data presented indicate
that MDMX regulates cell cycle progression, at least partially via the p53-p21-DREAM
(DP, RB-like, E2F4 and MubB) axis, and apoptosis via p53 and FOXO'’s. It has been
generally accepted for some time now that p53 promotes the expression of p21 and
thereby induces transcriptional repression by the DREAM complex [4, 5]. However,
to what level this particular indirect p53 activity could be inhibited by MDMX had
not yet been studied. The observation that MDMX depletion, which only minimally
effects p21 expression, is capable of inducing this transcriptional repression has never
been reported before. Although possibly not very surprising, since MDMX is known
to inhibit p53 transcriptional activity [6, 7], it further strengthens the proposition that
MDMX could serve as alternative therapeutic target, since its inhibition provokes a
similar downstream effect as inhibition of MDM2. While having a comparable thera-
peutic potential as MDM2 inhibition, MDMX is less commonly expressed and not
always essential for cell survival in the adult tissue [8-14]. Therefore, it could well be
that targeting MDMX has less adverse effects in patients compared to inhibition of
MDM?2, potentially making it the preferred way of reactivating p53.

In chapter 2 we established that the downregulated cell cycle controlling genes upon
MDMX knockdown could indeed be regulated via the p53-p21-DREAM axis. However,
the transcriptional repression is, at least partly, p53-independent, suggesting the exis-
tence of another transcription factor under the control of MDMX. Not only repressed,
but also some of the upregulated genes show clear p53 independency. Although
38% of the upregulated genes were identified as direct p53 target genes the results
demonstrate that MXD4 (also named MAD4) and PIK3IP1 expression is controlled by
MDMX in a p53-independent manner. The major DNA binding consensus site identi-
fied in 65% of the up-regulated genes is the Forkhead-Boxes DNA binding site. Indeed,
FOXO1 levels are slightly increased upon MDMX depletion in a p53-independent
manner. Inhibition of FOXO1 activity could explain the p53-independent function of
MDMX. Mechanistically it remains unsolved as yet how MDMX inhibits FOXO1. It is
known that MDM2 is capable of directly binding and ubiquitinating FOXO1, 3 and 4
[15, 16]. Preliminary data show that reduced MDMX expression results in increased
nuclear localization of FOXO1 (data not shown). If the inhibition of FOXO1 is the result
of a direct interaction with MDMX, the development of specific compounds antago-
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nizing this interaction could lead to new therapeutic option for tumors overexpressing
MDMX.

Interestingly, MXD4 affects p53 activity potentially suggesting a novel back-up mecha-
nism (see Figure 1). This back-up mechanism would include that upon MDMX deple-
tion MXD4 is upregulated, mediated by FOXO1, and competes with p53 for SIN3A. By
forming a complex with SIN3A, which is known to be involved in transcription repres-
sion, MXD4 could be part of a potential pathway leading to the p53-independent gene
repression mentioned earlier. Interestingly, SIN3A might not only potentially enable
p53-independent repression, it can also form a transcription repressive complex
which not only includes E2F4 but also p27 [17, 18]. The latter protein was previously
described as being stabilized upon MDMX depletion, independently of p53 [2]. Based
on these earlier studies and the data described in chapter 2 a larger picture is emerg-
ing in which MDMX is controlling a large repressive complex via the regulation of
SIN3A and E2F4 and inhibition of MXD4 transcription. Furthermore, releasing p53
from SIN3A allows MDM2 to bind p53 and to target p53 for ubiquitination-mediated
degradation [19]. This pathway would imply a p53-independent back-up mechanism
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Figure 1. Working model of MDMX’s oncogenic functions. In this model MDMX inhibits both p53
and FOXO1 which prevents target gene transcription. Upon MDMX depletion both transcription
factors bind DNA and promote transcription resulting in, among other effects, the repression on
cell cycle regulatory genes. Simultaneously, FOXO mediated upregulation of MXD4 transcription
could prime p53 for MDM2 mediated degradation by competing with p53 for SIN3A binding.
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in which a cell with high levels of MDMX rewires towards more MDM2 mediated
p53 inhibition once MDMX is depleted. Not only does this SIN3A/MXD4 mediated
‘back-up’ mechanism clarify the p53-independent transcription repression upon
MDMX depletion, it could also provide new therapeutic targets. Depletion of MXD4
resulted in p53 stabilization, possibly due to an increased SIN3A binding attenuating
MDM?2 binding to p53. MXD4 depletion resulted in a slight, p53-dependent, growth
inhibition and it synergized with p53 activating and stabilizing drugs, showing that to
fully unleash p53 and further exploit current p53 activating strategies a way to target
MXD4 should be elucidated.

In conclusion, the data presented in chapter 2 show that p53-independent oncogenic
functions of MDMX could be partially explained by the p53-independent effects on
the transcriptome. In addition to a better understanding of the oncogenic functions
of MDMX in melanoma, a possible new route to potentiate current anti-cancer strate-
gies in various malignancies was uncovered.

MDMX as enhancer of current therapeutic interventions for metastasised
uveal melanoma

The feasibility and clinical advantages of p53 reactivation by MDM2 inhibition have
been established [20]. Unfortunately, clinical studies have shown strong adverse,
on target, effects in patients upon MDM2 inhibition [21]. Although both MDM2 and
MDMX are essential for restraining p53 during embryonic development [22-26], in
adult cells and tissue MDM2 loss is always lethal whereas MDMX loss can be compat-
ible with life [8-13]. The lack of general expression of MDMX compared to MDM?2
would indicate potentially less adverse effects when targeting an MDMX expressing
cancer. The therapeutic potential of MDMX targeting has been established by our lab
and others for various cancer types, partly independent of p53 status [2, 3, 27, 28].
It has become evident and generally accepted that using a monotherapy on a cancer
will in general not result in a durative and curative response [29]. Therefore, combina-
tions of drugs are tried in more studies in order to hit a cancer cell from multiple
angles at the same time, making acquired resistance less likely to occur. Interestingly,
in melanoma concurrent targeting of MDMX and BRAF has proven to be an effective
combination [3].

In uveal melanoma an activating mutation in GNAQ or GNA11 is the main driver to-
wards malignancy. Constitutive active GNAQ/GNA11 activates a number of signalling
pathways, including the proliferation stimulating MAPK pathway. An essential node
in this cascade is the activation of protein kinase c (PKC) isoforms, which has been
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recognized as a valuable therapeutic target for uveal melanoma, e.g. by means of the
PKC inhibitor Sotrastaurin/AEB071 [30].

In chapter 3 it is described that combined p53 activation and PKC inhibition result
in synergistic growth inhibition of uveal melanoma cells. In our studies the dual
MDM2/X inhibitor Nutlin-3 was used, whereas the MDM2 inhibitor CGM097 was
used in another study describing the beneficial effects of combining p53 reactivation
with PCK inhibition [31]. Interestingly, in the latter study no synergistic effects upon
concurrent PKC inhibition and p53 reactivation could be demonstrated in vitro, in con-
trast to our results, suggesting that full release of p53 from both MDM2 and MDMX
is essential for synergism. Depletion of MDMX, like the pharmacological activation of
p53 by MDM2 inhibitors, attenuates the proliferation and survival of UM cells, which
is further enhanced by a combination with PKC inhibition. Thus, MDMX inhibition in
combination with existing therapeutic interventions for uveal melanoma could serve
as a promising therapeutic intervention, stressing the need for the development of
specific MDMX inhibitors, which thus far has been proven very difficult.

Replacing pan-PCK inhibition for PKC6 targeting

Activated protein kinase C (PKC) isoforms is a common feature of UM and has shown
potential as therapeutic intervention for UM patients [30]. Unfortunately, pan-PKC
inhibition as single treatment appears to have only limited clinical benefit and elicits
adverse effects in patients [32]. Combining PKC inhibition with activation of p53,
which is rarely mutated in UM, by MDM?2 inhibitors has shown promising results in
pre-clinical studies. Therefore, alternative approaches were investigated to achieve
similar anti-cancer effects, but with potentially less adverse effects. Since the PKC fam-
ily consists of 10 different isoforms it can be hypothesized that targeting a single PKC
isoform would have less adverse effects compared to a pan-PKC inhibitor. It has been
demonstrated that, despite the great structural homology between the different PKC
isoforms, especially within a certain subclass, they appear to have separate and non-
redundant functions. Furthermore, it has been observed that all PKC isoforms tested
(a, B, B, € and &) are essential for uveal melanoma cell viability [30, 33], emphasising
that specific targeting of a single PKC isoform could yield an effective treatment. PKCe
and PKC& were shown to be responsible for the activation of RASGRP3, a guanine
nucleotide exchange factor promoting the GTP loading of RAS. So, activation of RAS-
GRP3 serves as a RAS activator driving the RAS/MEK/ERK pathway in uveal melanoma
[34]. In chapter 3 it is confirmed that uveal melanoma cell viability depends on PKC6
expression and, therefore, could be regarded a potential drug target, especially in-
teresting since PKC6 does not seem to be required for development and normal cell
proliferation [35, 36]. As mentioned above, it is unlikely that the specific targeting
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of a single signalling molecule will result in a curative response it was investigated
whether PKC6 depletion would also enhance the effect of MDM2/MDMX inhibition.
Like pan-PKC inhibition, the specific depletion of PKC6 resulted in synergistic growth
inhibition of UM cells in combination with p53 reactivation.

In conclusion, the data presented in chapter 3 show that the synergistic effects of
p53-activation by MDM2/MDMX inhibition and broad spectrum PKC inhibition on
survival of UM cells can largely be achieved by the presumably less toxic combina-
tion of depletion of MDMX and targeting a specific PKC isoform, PKCS. Although
PKC& appears to be a promising therapeutic target until recently no small molecule
compound specifically targeting this kinase had been described. The functional non-
redundancy between the various isoforms suggests the opportunity for developing a
selective inhibitor. Recently, the development of a selective PKCS inhibitor (B106) has
been described [35], but our experiments with this inhibitor indicate that the growth
inhibitory effect is not dependent on PKC activity in uveal melanoma cells (data not
shown). The approach to develop this inhibitor was to design the structure of B106 on
the reported Rottlerin’s capability to selectively bind PKCS compared to PKCa and to
combine this with parts of the kinase inhibitor Staurosporin. However, it has now been
widely accepted that Rottlerin does actually not bind PKCs and Staurosporin is con-
sidered to be one of the most a-selective kinase inhibitors commercially available. An
alternative approach to selectively target PKC§, or members of the novel-PKC family,
could very well consist of modifying a known pan-PKC inhibitor such as Sotrastaurin or
GF109203X. These selective pan-PKC inhibitors have a strong structural overlap with
the a-selective Staurosporin with regard to the ‘head’ domain of these compounds,
suggesting that the selectivity of the compounds has to be acquired from the ‘tail’
residues. A valid approach for the development of a selective PKC inhibitor would be
to chemically modify the tail region of either GFX or Sotrastaurin and determine the
specificity using in vitro kinase assays.

Deviating from the hypes

Finding curative therapeutic intervention has been the focus of many decades of
cancer research. A few success stories, such as Imatinib (targeting the BCR/ABL fu-
sion gene) and Rituximab (targeting CD20), catalysed the targeted therapies hype.
Although great results were expected based on these successes, the median increase
in survival was 2.1-2.5 months based on 71 drugs approved to treat cancer by the FDA
between 2002 and 2014 [37]. According to the ASCO guidelines, regarding improve in
quality of life and overall survival, only 42% of these drugs had a meaningful clinical
impact. It should be noted that many of the 71 approved drugs contain an overlap-
ping mode of action [37]. When a certain company has developed an approved and
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profitable therapy, even if only with a modest improvement in overall survival, other
pharmacological companies will develop compounds with a similar mode of action
to ensure a piece of the market and the profit. Thereby, they are pushing drug prices
to incredible height without really improving the quality of the therapy and patient
survival. This is particularly illustrated by the 50 molecules which entered clinical tri-
als for targeting vascular endothelial growth factor (VEGF) as a means of targeting
angiogenesis, or the 25 molecules in clinical trials for the targeting of mitosis in solid
tumours, the latter with an average response rate of just 1% [38]. These duplication
efforts are even further illustrated by the observation that 9 big pharmaceutical
companies have a 74% overlap in their molecules with regard to the expected mode
of action [37].

This focus on targeted therapies, with only limited clinical benefit, has almost blinded
funding agencies, academia and companies. It is nowadays accepted that targeted
therapies tend to work efficiently for ‘single cause’ diseases, but not really for more
complex malignancies such as cancer due to tumor heterogeneity [39]. The most re-
cent big breakthrough in cancer treatment is the development of immune checkpoint
targeting drugs, discussed in the introduction of this thesis. These developments are
currently changing the whole cancer research field, like targeted therapies did a few
decades ago. Although promising in some cancer type, stratification of patients ap-
pears to be crucial for the success of a treatment, like for targeted therapies [40].
It appears that immunotherapies are most efficient in tumours with a high muta-
tional load. Cutaneous melanomas have a high mutation load in contrast to uveal
melanomas. Indeed, uveal melanoma patients did not benefit from immunotherapy
in the form of Ipilimumab [41, 42]. It appears that with regard to metastasized uveal
melanoma a therapeutic intervention should not come from current immunotherapy
nor targeted therapy strategies. Therefore, the remainder of this discussion will be on
the use of therapeutics not fitting within targeted- nor immunotherapy, but which are
already in clinical trials, to reduce the time from bench to bedside.

EZH2 and HDAC as therapeutic intervention

In uveal melanoma BAP1 expression is frequently lost due to mutation and loss of
the second allele [43-45]. In UM 80-90% of the metastases show loss of BAP1 ex-
pression resulting in strong predictive power for BAP1 mutations for the occurrence
of metastasis [45, 46]. Interestingly, upregulation of Enhancer of Zeste (EZH) 2 ex-
pression in mesothelioma cells upon BAP1 loss has been reported [47]. EZH2 is an
essential component of the polycomb repressive complex 2 (PRC2), which mediates
the tri-methylation of histone H3 at lysine 27 [48, 49]. EZH2 controls the expression of
numerous genes by promoting the repressive tri-methylation of histone H3 thereby
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reducing transcription [50]. An EZH2 dependency was found in myeloid cells for BAP1
knockout induced transformation and in vivo it was demonstrated for BAP1-negative
mesothelioma that EZH2 inhibition is an effective treatment for BAP-1 negative can-
cers [47]. A clinical trial was initiated for patients with BAP1-negative mesothelioma
using the EZH2-inhibitor Tazemetostat (identifier: NCT02860286). In a later report,
EZH2 inhibition did not appear to affect both BAP-1 positive and negative UM cell
proliferation. However, in chapter 4 it is demonstrated that UM cells are responsive
to long term EZH2 inhibition.

Nevertheless, it appears that for most cell lines tested the time until onset of growth
inhibition was over a week. Furthermore, only 2 of the cell lines tested completely
stopped proliferating, meaning that most cell lines tested could be sub-cultured with
continuous EZH2 inhibition. These relatively slow and mild effects in vitro are far from
optimal for translation to a clinical setting, in which a patient with metastasised uveal
melanoma generally only has a few months to live. Therefore, it was investigated
whether EZH2 inhibition would sensitize UM cells for other compounds, known to be
effective in uveal melanoma patients. Concurrent inhibition of EZH2 and HDAC has al-
ready been shown to effectively reduced tumor cell survival in various different cancer
types [51-53]. Therefore this combination could be considered as an interesting novel
strategy, which should be further studied in clinical trials, for multiple malignancies.
Importantly, HDAC inhibitors have already been described as a potential therapeutic
intervention for uveal melanoma [54, 55]. Indeed it was found that also UM cell lines
are sensitized for HDAC inhibition upon EZH2 inhibition due to the induction of cell
death. Others have showed that, in KRAS mutated lung cancer cells, EZH2 inhibition
sensitized for MEK and PI3K/AKT inhibitor [56]. Furthermore, EZH2 is involved in the
transcriptional repression of various DNA repair-related genes, which result in higher
sensitivity to chemotherapeutic agents when cells are treated with an EZH2 inhibitor
[57-59]. These studies indicate that in addition to the dual inhibition of HDACs and
EZH2, other compounds could well synergize with EZH2 inhibition and be a promising
therapeutic intervention for metastasised uveal melanoma. Future research has to
elucidate which combinations are the most potent and feasible.

Combining HDAC and CDK inhibition as therapeutic strategy

As described previously, overall survival has hardly improved for patients with
advanced unresectable cutaneous melanoma or metastatic uveal melanoma in the
last decades. This lack of improvement is highlighting the need for novel therapeutic
options. In chapter 5 the potential of the combination of another compound with
the HDAC inhibitor (Quisinostat) described in chapter 4 was investigated. Both drugs
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assessed in this chapter are currently in clinical trials reducing time from bench to
bedside.

Encouraging results using histone deacetylase (HDAC) inhibitors indicate a potential
therapeutic intervention for uveal and cutaneous melanoma [12-15]. HDAC inhibition
often induces of a G1 cell cycle arrest in cancer cells. Although this cell cycle arrest can
prevent further outgrowth of a tumor [21], finding drug combinations that synergisti-
cally induce cancer cell killing would greatly increase the clinical impact of HDAC in-
hibitors. For example, apoptosis is induced when both CDKs and HDACs are inhibited
in neuroblastoma cell lines [23]. This study aimed at potentiating the effect of HDAC
inhibitor Quisinostat by combining the therapy with CDK inhibition using Flavopiridol.
Flavopiridol is currently tested in clinical trials, mainly as treatment strategy for acute
myeloid leukaemia and lymphoma. Interestingly, stable disease in 7/16 patients with
previously untreated metastatic malignant melanoma was induced by Flavopiridol.
Unfortunately, according to objective response criteria Flavopiridol failed to achieve
significant clinical benefit [28]. Data presented in chapter 5 show that single treat-
ment with Flavopiridol or Quisinostat slows down the growth of UM and CM cells,
while concurrent treatment inhibits cell growth synergistically and reduces survival.

Concurrent Flavopiridol and Quisinostat treatment shows a synergistic reduction
in melanoma cell survival independent of mutations driving the malignancy. These
synergistic effects were also observed in BRAF mutant melanoma cells that had ac-
quired resistance to BRAF inhibition in vitro. Induction of apoptosis could at least
partly explain the mechanism behind the observed synergism. However, the molecu-
lar mechanism underlying this induction of cell death remains undetermined. In a
cutaneous melanoma PDX model combined Flavopiridol and Quisinostat treatment
induced tumor regression, without enhancing adverse effects. However, the observed
combinatory effects did not measure up to the expected results based on the in vitro
assays. This can most likely be attributed to the lack of clear Flavopiridol activity on
a molecular level. Flavopiridol is known to be cleared from the human body in hours
[60]. Future research on this drug combination should mainly focus on reaching
and maintaining proper CDK inhibition by Flavopiridol in order to reach maximum
synergism and thus clinical benefit. When that can be achieved the Flavopiridol/
Quisinostat combination could be a promising treatment strategy for metastasized
uveal and cutaneous melanoma patients, regardless of earlier received treatments.

Considerations for drug combinatory studies

When two drugs are combined they can influence each other’s respective outcome
in either a synergistic, additive or antagonistic manner. When synergy between two
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drugs occurs this indicates a potential novel therapeutic intervention. However, re-
solving the underlying mechanism driving the observed synergism could be extremely
difficult, especially when the compounds are targeting a number of related molecules,
as for instance described in chapter 5. These difficulties arise from the numerous pos-
sibilities on how both drugs might influence each other. This complexity is illustrated
by a list of basic motives with only 3 theoretical nodes which already results in 21
possible explanations for synergism, let alone when more general pathways or cel-
lular processes are influenced [61].

The other option upon combining drugs is the occurrence of antagonism. Synergism
only tends to occur in a minority of drug combinations when systematically tested
[62]. There appears to be a bias in both published literature and this thesis towards
synergistic drug combinations rather the antagonistic ones based on a PubMed search
for ‘antagonism’ or ‘synergism’ in combination with cancer’. This search yielded six
times more hits for synergism in cancer compared to antagonism in cancer, although
according to unbiased screening there should be at least ten times more antagonistic
combinations compared to synergistic ones. Although these combinations clearly do
not contain a therapeutic benefit, they could reveal potential mechanism of drugs
resistance. To mechanistically explain antagonism appears to be easier compared
to synergism as there are far less theoretical explanations for the occurrence of
antagonism compared to synergism [61]. For example, it has been shown that p53
reactivation in combination with CDK1/2 inhibition results synergistically in growth
inhibition of melanoma cells [63]. However, preliminary data from our lab show that
the pan-CDK inhibitor Flavopiridol has an antagonistic effect on p53 activation (data
not shown). Which could actually make sense since Flavopiridol’s main target is the
block of transcription by CDK9 inhibition, which would antagonize p53-induced tran-
scription upon activation. So, despite Flavopiridol’s lack of synergistic capabilities with
p53 the results could help understanding which drugs or CDK inhibitors could provide
useful therapeutic enhancers of p53 activation therapies and which will not.

For the studies described in this thesis the ‘educated guess’ methodology was used to
find novel synergistic combinations to inhibit uveal melanoma cell growth. Illustrated
by the concurrent targeting of two main hallmarks of uveal melanoma, namely PKC
activity and high expression of MDMX/2. Furthermore, knowledge of BAP1 and EZH2
was applied to combine EZH2 and HDAC inhibition, of which the latter had been
shown to elicit metastasis regression in uveal melanoma patients. The observed
HDAC inhibition induced cell cycle arrest directed us towards the combination with
CDK inhibition. Although these combinations work synergistically in vitro and hold
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true potential it could easily be doubted whether these combinations are the best
combinations possible.

An alternative approach consists of performing unbiased synthetic lethal screens to
find genes and pathways synergising with a particular drug. The question remains
which drugs to select for these approaches. One might select drugs based on their
availability in the clinic, proven clinical efficacy, or their ability to induce a growth
arrest in vitro so the synergism will be clear. However, it could also be considered
to select a drug for this screening based on the lack of activity. Especially the lack of
strong adverse effects could be considered a pro due to the reduced likeness of en-
hancing adverse effects in the combination. A prominent downside of this approach
could well be that the ideal pathway or molecule identified by these screens cannot
-yet- be targeted by a specific small molecule compound. Another drawback could be
that no interest exists from the industry to commercialize a certain treatment option.

A last option would be to put all scientific interest aside and, much like the Quisino-
stat/Flavopiridol combination, focus on drugs already in clinical trials and preferably
FDA approved. Also here it boils down to which drugs to investigate. In such a setting
it could be wise to test only those compounds the companies are willing to bring for-
ward into clinical trials. Finding a cure for metastasised uveal melanoma following this
approach has the great advantage of a relatively short time from bench to bedside.
The obvious downside of this approach is that again the combination with strongest
effects and with the least adverse side effects could be missed.

Clinical relevance and concluding remarks

When studies, like described in this thesis, are being performed one should always
wonder what the true question is that needs to be answered. Whether or not there
is a scientific interest in a certain molecule or pathway or just simply the need to
find a curative treatment for patients who have none or have run out of treatment
options. Regardless of the fact that finding a curative treatment for all metastasised
uveal melanoma patients is most likely impossible due to great inter- and intra-tumor
variation, the identification of the ‘best possible’ drug (combination) will require the
‘brains’ of the educated guess approach, the unbiasedness of the second and uncon-
ditional support of pharmacological industries. Concluding that none of the above
mentioned approaches is either good or wrong as long as they are fitting with the
question needing to be answered.

To date no effective therapy exists for metastasized uveal melanoma. It is therefore
that all potential effective or prognosis improving therapeutic strategies need to be
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evaluated properly in order to obtain an effective therapy for this deadly malignancy.
Findings in this thesis provide several potential new therapeutic interventions mainly
based on drugs already in clinical trials in order de reduce time from bench to bedside.
However, in all cases of suggested drug combinations additional research needs to be

performed, in a (pre-) clinical setting, to show the true potential of these combina-
tions.

164



General discussion

References

10.

11.

12.

13.

14.

15.

16.

17.

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E,
Cerami E, Sander C, Schultz N. Integrative analysis of complex cancer genomics and clinical profiles
using the cBioPortal. Sci Signal. 2013; 6: pl1. doi: 10.1126/scisignal.2004088.

de Lange J, Teunisse AF, Vries MV, Lodder K, Lam S, Luyten GP, Bernal F, Jager MJ, Jochemsen AG.
High levels of Hdmx promote cell growth in a subset of uveal melanomas. Am J Cancer Res. 2012; 2:
492-507. doi:

Gembarska A, Luciani F, Fedele C, Russell EA, Dewaele M, Villar S, Zwolinska A, Haupt S, de Lange J, Yip
D, Goydos J, Haigh JJ, Haupt Y, et al. MDMA4 is a key therapeutic target in cutaneous melanoma. Nat
Med. 2012; 18: 1239-47. doi: 10.1038/nm.2863.

Fischer M. Census and evaluation of p53 target genes. Oncogene. 2017; 36: 3943-56. doi: 10.1038/
onc.2016.502.

Fischer M, Quaas M, Steiner L, Engeland K. The p53-p21-DREAM-CDE/CHR pathway regulates G2/M
cell cycle genes. Nucleic Acids Res. 2016; 44: 164-74. doi: 10.1093/nar/gkv927.

Marine JC, Jochemsen AG. Mdmx and Mdm?2: brothers in arms? Cell Cycle. 2004; 3: 900-4. doi:
Bottger V, Bottger A, Garcia-Echeverria C, Ramos YF, van der Eb AJ, Jochemsen AG, Lane DP. Compara-
tive study of the p53-mdm2 and p53-MDMX interfaces. Oncogene. 1999; 18: 189-99. doi: 10.1038/
sj.onc.1202281.

Francoz S, Froment P, Bogaerts S, De Clercq S, Maetens M, Doumont G, Bellefroid E, Marine JC. Mdm4
and Mdm2 cooperate to inhibit p53 activity in proliferating and quiescent cells in vivo. Proc Natl Acad
Sci U S A. 2006; 103: 3232-7. doi: 10.1073/pnas.0508476103.

Marine JC, Francoz S, Maetens M, Wahl G, Toledo F, Lozano G. Keeping p53 in check: essential
and synergistic functions of Mdm2 and Mdm4. Cell Death Differ. 2006; 13: 927-34. doi: 10.1038/
sj.cdd.4401912.

Valentin-Vega YA, Okano H, Lozano G. The intestinal epithelium compensates for p53-mediated
cell death and guarantees organismal survival. Cell Death Differ. 2008; 15: 1772-81. doi: 10.1038/
cdd.2008.109.

Valentin-Vega YA, Box N, Terzian T, Lozano G. Mdm4 loss in the intestinal epithelium leads to compart-
mentalized cell death but no tissue abnormalities. Differentiation. 2009; 77: 442-9. doi: 10.1016/j.
diff.2009.03.001.

Grier JD, Xiong S, Elizondo-Fraire AC, Parant JM, Lozano G. Tissue-specific differences of p53 inhibition
by Mdm2 and Mdm4. Mol Cell Biol. 2006; 26: 192-8. doi: 10.1128/MCB.26.1.192-198.2006.
Ringshausen |, O’Shea CC, Finch AJ, Swigart LB, Evan Gl. Mdm?2 is critically and continuously required
to suppress lethal p53 activity in vivo. Cancer Cell. 2006; 10: 501-14. doi: 10.1016/j.ccr.2006.10.010.
Moyer SM, Larsson CA, Lozano G. Mdm proteins: critical regulators of embry ogenesis and homeosta-
sis. J Mol Cell Biol. 2017. doi: 10.1093/jmcb/mjx004.

Brenkman AB, de Keizer PL, van den Broek NJ, Jochemsen AG, Burgering BM. Mdm2 induces mono-
ubiquitination of FOXO4. PLoS One. 2008; 3: e2819. doi: 10.1371/journal.pone.0002819.

Fu W, Ma Q, Chen L, Li P, Zhang M, Ramamoorthy S, Nawaz Z, Shimojima T, Wang H, Yang Y, Shen Z,
Zhang Y, Zhang X, et al. MDM2 acts downstream of p53 as an E3 ligase to promote FOXO ubiquitina-
tion and degradation. J Biol Chem. 2009; 284: 13987-4000. doi: 10.1074/jbc.M901758200.
Dannenberg JH, David G, Zhong S, van der Torre J, Wong WH, Depinho RA. mSin3A corepressor regu-
lates diverse transcriptional networks governing normal and neoplastic growth and survival. Genes
Dev. 2005; 19: 1581-95. doi: 10.1101/gad.1286905.

165

Chapter 6



General discussion

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

166

Li H, Collado M, Villasante A, Matheu A, Lynch CJ, Canamero M, Rizzoti K, Carneiro C, Martinez G,
Vidal A, Lovell-Badge R, Serrano M. p27(Kip1) directly represses Sox2 during embryonic stem cell
differentiation. Cell Stem Cell. 2012; 11: 845-52. doi: 10.1016/j.stem.2012.09.014.

Zilfou JT, Hoffman WH, Sank M, George DL, Murphy M. The corepressor mSin3a interacts with the
proline-rich domain of p53 and protects p53 from proteasome-mediated degradation. Mol Cell Biol.
2001; 21: 3974-85. doi: 10.1128/MCB.21.12.3974-3985.2001.

Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, Kong N, Kammlott U, Lukacs C, Klein
C, Fotouhi N, Liu EA. In vivo activation of the p53 pathway by small-molecule antagonists of MDM?2.
Science. 2004; 303: 844-8. doi: 10.1126/science.1092472.

Biswas S, Killick E, Jochemsen AG, Lunec J. The clinical development of p53-reactivating drugs in sar-
comas - charting future therapeutic approaches and understanding the clinical molecular toxicology
of Nutlins. Expert Opin Investig Drugs. 2014; 23: 629-45. doi: 10.1517/13543784.2014.892924.
Jones SN, Roe AE, Donehower LA, Bradley A. Rescue of embryonic lethality in Mdm2-deficient mice by
absence of p53. Nature. 1995; 378: 206-8. doi: 10.1038/378206a0.

Montes de Oca Luna R, Wagner DS, Lozano G. Rescue of early embryonic lethality in mdm2-deficient
mice by deletion of p53. Nature. 1995; 378: 203-6. doi: 10.1038/378203a0.

Okamoto K, Kashima K, Pereg Y, Ishida M, Yamazaki S, Nota A, Teunisse A, Migliorini D, Kitabayashi I,
Marine JC, Prives C, Shiloh Y, Jochemsen AG, et al. DNA damage-induced phosphorylation of MdmX at
serine 367 activates p53 by targeting MdmX for Mdm2-dependent degradation. Mol Cell Biol. 2005;
25:9608-20. doi: 10.1128/MCB.25.21.9608-9620.2005.

Finch RA, Donoviel DB, Potter D, Shi M, Fan A, Freed DD, Wang CY, Zambrowicz BP, Ramirez-Solis R,
Sands AT, Zhang N. mdmx is a negative regulator of p53 activity in vivo. Cancer Res. 2002; 62: 3221-5.
doi:

Parant J, Chavez-Reyes A, Little NA, Yan W, Reinke V, Jochemsen AG, Lozano G. Rescue of embryonic
lethality in Mdm4-null mice by loss of Trp53 suggests a nonoverlapping pathway with MDM2 to regu-
late p53. Nat Genet. 2001; 29: 92-5. doi: 10.1038/ng714.

Carrillo AM, Bouska A, Arrate MP, Eischen CM. Mdmx promotes genomic instability independent of
p53 and Mdm2. Oncogene. 2015; 34: 846-56. doi: 10.1038/onc.2014.27.

Jeffreena Miranda P, Buckley D, Raghu D, Pang JB, Takano EA, Vijayakumaran R, Teunisse AF, Posner A,
Procter T, Herold MJ, Gamell C, Marine JC, Fox SB, et al. MDM4 is a rational target for treating breast
cancers with mutant p53. J Pathol. 2017. doi: 10.1002/path.4877.

Maughan T. The Promise and the Hype of ‘Personalised Medicine’. New Bioeth. 2017; 23: 13-20. doi:
10.1080/20502877.2017.1314886.

Wau X, LiJ, Zhu M, Fletcher JA, Hodi FS. Protein kinase C inhibitor AEBO71 targets ocular melanoma
harboring GNAQ mutations via effects on the PKC/Erk1/2 and PKC/NF-kappaB pathways. Mol Cancer
Ther. 2012; 11: 1905-14. doi: 10.1158/1535-7163.MCT-12-0121.

Carita G, Frisch-Dit-Leitz E, Dahmani A, Raymondie C, Cassoux N, Piperno-Neumann S, Nemati F,
Laurent C, De Koning L, Halilovic E, Jeay S, Wylie A, Emery C, et al. Dual inhibition of protein kinase C
and p53-MDM2 or PKC and mTORC1 are novel efficient therapeutic approaches for uveal melanoma.
European Journal of Cancer. 2016; 68: S31-S. doi:

Piperno-Neumann S, Kapiteijn E, Larkin J, Carvajal RD, Luke JJ, Seifert H, Roozen |, Zoubir M, Yang L,
Choudhury S, Yerramilli-Rao P, Hodi FS, Schwartz GK. (2014). Phase | dose-escalation study of the
protein kinase C (PKC) inhibitor AEBO71 in patients with metastatic uveal melanoma. ASCO annual
meeting 2014: J. Clin. Oncol (abstr 9030)).



General discussion

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wu X, Zhu M, Fletcher JA, Giobbie-Hurder A, Hodi FS. The protein kinase C inhibitor enzastaurin
exhibits antitumor activity against uveal melanoma. PLoS One. 2012; 7: €29622. doi: 10.1371/journal.
pone.0029622.

Chen X, Wu Q, Depeille P, Chen P, Thornton S, Kalirai H, Coupland SE, Roose JP, Bastian BC. RasGRP3
Mediates MAPK Pathway Activation in GNAQ Mutant Uveal Melanoma. Cancer Cell. 2017; 31: 685-96
e6. doi: 10.1016/j.ccell.2017.04.002.

Miyamoto A, Nakayama K, Imaki H, Hirose S, Jiang Y, Abe M, Tsukiyama T, Nagahama H, Ohno S,
Hatakeyama S, Nakayama KI. Increased proliferation of B cells and auto-immunity in mice lacking
protein kinase Cdelta. Nature. 2002; 416: 865-9. doi: 10.1038/416865a.

Leitges M, Mayr M, Braun U, Mayr U, Li C, Pfister G, Ghaffari-Tabrizi N, Baier G, Hu Y, Xu Q. Exacerbated
vein graft arteriosclerosis in protein kinase Cdelta-null mice. J Clin Invest. 2001; 108: 1505-12. doi:
10.1172/JCI112902.

Fojo T, Mailankody S, Lo A. Unintended consequences of expensive cancer therapeutics-the pursuit
of marginal indications and a me-too mentality that stifles innovation and creativity: the John Conley
Lecture. JAMA Otolaryngol Head Neck Surg. 2014; 140: 1225-36. doi: 10.1001/jamaot0.2014.1570.
Komlodi-Pasztor E, Sackett DL, Fojo AT. Inhibitors targeting mitosis: tales of how great drugs against
a promising target were brought down by a flawed rationale. Clin Cancer Res. 2012; 18: 51-63. doi:
10.1158/1078-0432.CCR-11-0999.

Jamal-Hanjani M, Quezada SA, Larkin J, Swanton C. Translational implications of tumor heterogeneity.
Clin Cancer Res. 2015; 21: 1258-66. doi: 10.1158/1078-0432.CCR-14-1429.

Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, Gottfried M, Peled N, Tafreshi A,
Cuffe S, O’Brien M, Rao S, Hotta K, et al. Pembrolizumab versus Chemotherapy for PD-L1-Positive
Non-Small-Cell Lung Cancer. N Engl J Med. 2016; 375: 1823-33. doi: 10.1056/NEJM0al606774.
Schinzari G, Rossi E, Cassano A, Dadduzio V, Quirino M, Pagliara M, Blasi MA, Barone C. Cisplatin,
dacarbazine and vinblastine as first line chemotherapy for liver metastatic uveal melanoma in the era
of immunotherapy: a single institution phase Il study. Melanoma Res. 2017; 27: 591-5. doi: 10.1097/
CMR.0000000000000401.

Heppt MV, Steeb T, Schlager JG, Rosumeck S, Dressler C, Ruzicka T, Nast A, Berking C. Immune check-
point blockade for unresectable or metastatic uveal melanoma: A systematic review. Cancer Treat Rev.
2017; 60: 44-52. doi: 10.1016/j.ctrv.2017.08.009.

Prescher G, Bornfeld N, Horsthemke B, Becher R. Chromosomal aberrations defining uveal melanoma
of poor prognosis. Lancet. 1992; 339: 691-2. doi:

Prescher G, Bornfeld N, Hirche H, Horsthemke B, Jockel KH, Becher R. Prognostic implications of
monosomy 3 in uveal melanoma. Lancet. 1996; 347: 1222-5. doi:

Harbour JW, Onken MD, Roberson ED, Duan S, Cao L, Worley LA, Council ML, Matatall KA, Helms C,
Bowcock AM. Frequent mutation of BAP1 in metastasizing uveal melanomas. Science. 2010; 330:
1410-3. doi: 10.1126/science.1194472.

van Essen TH, van Pelt SI, Versluis M, Bronkhorst IH, van Duinen SG, Marinkovic M, Kroes WG,
Ruivenkamp CA, Shukla S, de Klein A, Kilic E, Harbour JW, Luyten GP, et al. Prognostic parameters in
uveal melanoma and their association with BAP1 expression. Br J Ophthalmol. 2014; 98: 1738-43. doi:
10.1136/bjophthalmol-2014-305047.

LaFave LM, Beguelin W, Koche R, Teater M, Spitzer B, Chramiec A, Papalexi E, Keller MD, Hricik T, Kon-
stantinoff K, Micol JB, Durham B, Knutson SK, et al. Loss of BAP1 function leads to EZH2-dependent
transformation. Nat Med. 2015; 21: 1344-9. doi: 10.1038/nm.3947.

Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in life. Nature. 2011; 469: 343-9.
doi: 10.1038/nature09784.

167

Chapter 6



General discussion

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

168

Di Croce L, Helin K. Transcriptional regulation by Polycomb group proteins. Nat Struct Mol Biol. 2013;
20: 1147-55. doi: 10.1038/nsmb.2669.

Yoo KH, Hennighausen L. EZH2 methyltransferase and H3K27 methylation in breast cancer. Int J Biol
Sci. 2012; 8: 59-65. doi:

Grinshtein N, Rioseco CC, Marcellus R, Uehling D, Aman A, Lun X, Muto O, Podmore L, Lever J, Shen
Y, Blough MD, Cairncross GJ, Robbins SM, et al. Small molecule epigenetic screen identifies novel
EZH2 and HDAC inhibitors that target glioblastoma brain tumor-initiating cells. Oncotarget. 2016; 7:
59360-76. doi: 10.18632/oncotarget.10661.

Takashina T, Kinoshita |, Kikuchi J, Shimizu Y, Sakakibara-Konishi J, Oizumi S, Nishimura M, Dosaka-
Akita H. Combined inhibition of EZH2 and histone deacetylases as a potential epigenetic therapy for
non-small-cell lung cancer cells. Cancer Sci. 2016; 107: 955-62. doi: 10.1111/cas.12957.

Fiskus W, Wang Y, Sreekumar A, Buckley KM, Shi H, lillella A, Ustun C, Rao R, Fernandez P, Chen J,
Balusu R, Koul S, Atadja P, et al. Combined epigenetic therapy with the histone methyltransferase
EZH2 inhibitor 3-deazaneplanocin A and the histone deacetylase inhibitor panobinostat against hu-
man AML cells. Blood. 2009; 114: 2733-43. doi: 10.1182/blood-2009-03-213496.

Carol H, Gorlick R, Kolb EA, Morton CL, Manesh DM, Keir ST, Reynolds CP, Kang MH, Maris JM, Wozniak
A, Hickson I, Lyalin D, Kurmasheva RT, et al. Initial testing (stage 1) of the histone deacetylase inhibitor,
quisinostat (JNJ-26481585), by the Pediatric Preclinical Testing Program. Pediatr Blood Cancer. 2014;
61: 245-52. doi: 10.1002/pbc.24724.

Landreville S, Agapova OA, Matatall KA, Kneass ZT, Onken MD, Lee RS, Bowcock AM, Harbour JW. His-
tone deacetylase inhibitors induce growth arrest and differentiation in uveal melanoma. Clin Cancer
Res. 2012; 18: 408-16. doi: 10.1158/1078-0432.CCR-11-0946.

Riquelme E, Behrens C, Lin HY, Simon G, Papadimitrakopoulou V, 1zzo J, Moran C, Kalhor N, Lee JJ,
Minna JD, Wistuba, Il. Modulation of EZH2 Expression by MEK-ERK or PI3K-AKT Signaling in Lung
Cancer Is Dictated by Different KRAS Oncogene Mutations. Cancer Res. 2016; 76: 675-85. doi:
10.1158/0008-5472.CAN-15-1141.

Yang Q, Nair S, Laknaur A, Ismail N, Diamond MP, Al-Hendy A. The Polycomb Group Protein EZH2
Impairs DNA Damage Repair Gene Expression in Human Uterine Fibroids. Biol Reprod. 2016; 94: 69.
doi: 10.1095/biolreprod.115.134924.

Gao SB, Li KL, Qiu H, Zhu LY, Pan CB, Zhao Y, Wei SH, Shi S, Jin GH, Xue LX. Enhancing chemotherapy
sensitivity by targeting PcG via the ATM/p53 pathway. Am J Cancer Res. 2017; 7: 1874-83. doi:
Yamaguchi H, Du Y, Nakai K, Ding M, Chang SS, Hsu JL, Yao J, Wei Y, Nie L, Jiao S, Chang WC, Chen CH,
Yu Y, et al. EZH2 contributes to the response to PARP inhibitors through its PARP-mediated poly-ADP
ribosylation in breast cancer. Oncogene. 2017. doi: 10.1038/onc.2017.311.

Dickson MA, Rathkopf DE, Carvajal RD, Grant S, Roberts JD, Reid JM, Ames MM, McGovern RM,
Lefkowitz RA, Gonen M, Cane LM, Dials HJ, Schwartz GK. A phase | pharmacokinetic study of pulse-
dose vorinostat with flavopiridol in solid tumors. Invest New Drugs. 2011; 29: 1004-12. doi: 10.1007/
510637-010-9447-x.

Yin N, Ma W, Pei J, Ouyang Q, Tang C, Lai L. Synergistic and antagonistic drug combinations depend on
network topology. PLoS One. 2014; 9: €93960. doi: 10.1371/journal.pone.0093960.

Severyn B, Liehr RA, Wolicki A, Nguyen KH, Hudak EM, Ferrer M, Caldwell JS, Hermes JD, Li J, Tudor
M. Parsimonious discovery of synergistic drug combinations. ACS Chem Biol. 2011; 6: 1391-8. doi:
10.1021/cb2003225.

Lu M, Breyssens H, Salter V, Zhong S, Hu Y, Baer C, Ratnayaka I, Sullivan A, Brown NR, Endicott J,
Knapp S, Kessler BM, Middleton MR, et al. Restoring p53 Function in Human Melanoma Cells by



General discussion

Inhibiting MDM2 and Cyclin B1/CDK1-Phosphorylated Nuclear iASPP. Cancer Cell. 2016; 30: 822-3.
doi: 10.1016/j.ccell.2016.09.019.

Chapter 6

169






