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Abstract

Mechanisms of Mutated PPM1D in Pediatric Brain Tumorigenesis
By: Mwangala Precious Akamandisa
Diffuse Intrinsic Pontine Glioma (DIPG) is a pediatric brainstem tumor with a poor prognosis. It
is not amenable to surgical resection and does not respond to chemotherapy. Radiation, the
standard therapy, prolongs survival by a few months leading to a median survival of only 9 months.
Sequencing studies of DIPG have revealed that this tumor is biologically distinct from adult
gliomas, and that it frequently harbors mutations in genes including H3F3A, HIST1H3B, TP53,
PDGFRA, and PPM1D. PPM1D is PP2C serine/threonine phosphatase that targets DNA damage
response proteins including p53, ATM, ATR, CHK1, and yH2A.X. It also regulates maturation of
immune cells, maintenance of stem cells, and when overexpressed, promotes tumorigenesis of
malignancies such as breast cancer and medulloblastoma. When mutated in DIPG, PPM1D
promotes DIPG viability in vitro and in vivo. Inhibition of mutated PPM1D reduces cell
proliferation, increases in vivo survival, increases apoptosis, and sensitizes DIPG to the effects of
ionizing radiation. Inhibition of mutated PPM1D is therefore, a potentially viable strategy for
DIPG treatment. Inhibitors of other targets have also shown preclinical efficacy in suppressing
DIPG. These include PDGFR inhibitors and epigenetic modulators. PPM1D and other identified
targets for DIPG therapy should be evaluated for clinical efficacy to improve the prognosis of this

almost uniformly fatal pediatric tumor.
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Chapter 1

1 Introduction

1.1 DIPG epidemiology, clinical features, and treatment

Brain tumors are the most common solid tumor of childhood. 50% of malignant brain tumors in
children occur in the brainstem and of these, diffuse intrinsic pontine glioma (DIPG) comprises
80% [1]. With roughly 200 — 400 new cases reported annually, DIPG is the second most common
pediatric malignant brain tumor in the United States (US)[2]. It occurs in the pons of the brainstem
(Fig 1.1) with peak incidence around age 7 and affects males and females equally [3, 4]. First
described by Harris and Newcomb almost a century ago as a rapidly progressing, fatal malignancy

[5], DIPG still bears a dismal prognosis with median survival under a year after diagnosis [4].

Figure 1.1. Location of the pons in the human brainstem.



The brainstem houses many crucial nerves and structures. DIPG symptoms are driven by
expansion of the brainstem and subsequent compression and impairment of functions of structures
within and near the brainstem. These structures include the cranial nerves VI and VII which
control eye and facial movements respectively, and which, when compressed by the expanding
tumor, lead to a dysconjugate gaze, double vision (diplopia), facial muscle weakness, and
asymmetric facial drooping. When disease progression impairs the long motor tracts located in
the brainstem, the body’s extremities weaken, reflexes become hypersensitive, and a positive
Babinski sign occurs [3]. Other DIPG symptoms include loss of the gag reflex, loss of
coordination (ataxia), and difficulties in speaking which result from disease spread to the
cerebellum [3]. These symptoms: the cranial neurologic, long motor tract, and cerebellar deficits
constitute what is termed the “classic triad” of DIPG symptoms. They are, however, found in only
about 50% of all diagnosed cases [6-9]. In close to 10% of patients, hydrocephalus is detected as

a result of brainstem expansion blocking cerebral spinal flow through the ventricles [7, 9].

The diagnosis of DIPG follows assessment of clinical history, physical examination, and, since
1985, radiography by magnetic resonance imaging (MRI) [10, 11]. The disease symptoms
progress very rapidly, often prompting clinical assessment and diagnosis within a month of onset.
Due to the diffuse nature of the tumor, MRI images of DIPG do not show defined tumor borders.
The MRI image shows a tumor that typically occupies greater than 50% of the pons, encases or
displaces the basilary artery, and that, unlike supratentorial gliomas, does not enhance with
administration of the contrast agent gadolinium [12]. Historically, tumor biopsies have not been
required for a diagnosis of DIPG in the US. This has been due to concerns about the safety of
biopsying the brainstem, the lack of actionable histological and molecular targets, and the efficacy

of MRI imaging in diagnosing the disease. Nevertheless, studies in Europe, and more recently, in



the US, have demonstrated that biopsies at diagnosis can be conducted safely through image-
guided stereotactic methods, and can provide histological samples to clarify diagnoses when
radiography is inconclusive. Biopsy samples can also be used to determine eligibility for
enrollment in clinical trials [13, 14]. In some centers, biopsies are now encouraged to provide

samples for molecular research [15].

DIPG was previously defined as a World Health Organization (WHO) grade Il to IV astrocytoma
[8, 16]. Nevertheless, histological grade does not correlate with clinical outcome [17]. Changes
in WHO classification have now defined DIPG as a type of H3K27M midline glioma, a class of

tumors which are all grade 1V [18].

While DIPG is thought to arise in the ventral pons [19], dissemination occurs to different parts of
the brainstem such as the midbrain and medulla, as well as to different regions of the brain
including the cerebellum, thalamus, and cerebrum. Furthermore, DIPG can disseminate to the

leptomeninges, and also spread along the subventricular zone [16, 17, 20, 21].

Because of the crucial nerves located within the brainstem, and diffuse infiltrative nature of DIPG,
surgical resection is not a viable therapeutic option. Management of DIPG involves a trial of high
dose steroids at diagnosis to help ameliorate symptoms, sometimes concurrent with radiation. Use
of high dose steroids must, however, be balanced against the possible side effects including
weight gain, hypertension, glucose intolerance, and adrenal insufficiency. Steroids have also been
associated with the induction of a gene signature associated with a poor prognosis, and
fortification of the blood brain barrier thereby preventing access to the tumor by therapeutic
agents [12]. The standard therapy is 54-60 Gy of photon radiation administered focally for 6

weeks [22]. This often provides temporal symptom relief, and extension of survival by almost 5



months [23]. Unfortunately, neither hyperfraction (smaller, more frequent doses) nor
hypofraction (larger, less frequent doses) of radiation has been shown to alter overall survival
[24-28]. Notwithstanding, radiation hypofraction is an attractive option as the reduced procedure
time provides a lifestyle advantage and may be especially beneficial for younger children who

require sedation during radiation [12, 29-31].

Multiple clinical trials testing the efficacy of adjuvant chemotherapy have been completed, but
none have resulted in a survival benefit compared to radiation alone regardless of schedule [32-
39]. Therapy with biologic agents such as anti-angiogenic bevocuzimab has also been attempted
unsuccessfully. Hence, despite the use of radiation as DIPG therapy as far back as 1967, it remains

the only effective therapy to date [11, 40].

The lack of drug efficacy could result from the inherent tumor biology of DIPG, or from poor
delivery of therapeutic agents to the brain due to drug failure to traverse the blood brain barrier
(BBB). To improve drug delivery, convection enhanced delivery (CED) of drugs has been
proposed. CED bypasses the BBB by delivering therapeutic agents directly to the brain
interstitium and enhances tumor penetration by using a pressure gradient at the tip of an infusion
catheter. As a result, high drug concentrations can be reached in the brain with minimal systemic
toxicity [41]. Preliminary results from a phase | trial have revealed that CED is rational and safe
in DIPG [42], with limited neurological deficits and very little risk of affecting the motor tracts
within the pons [43]. Nevertheless, to date, there are no clinical data showing efficacy of drugs

administered with CED.



1.2 DIPG molecular features: Histone mutations

Recently, increased availability of biopsy samples and protocols for rapid recovery of autopsy
samples has led to the creation of multiple patient derived DIPG cell lines which have invigorated
molecular studies [19, 44-50]. These cell lines together with frozen or fixed DIPG tissues have
provided material for largescale sequencing studies that have shed light on DIPG biology [49, 51,
52]. The studies have revealed the predominance of mutations in genes coding for histone 3 (H3)

[53, 54], and shown that DIPG is a distinct disease from adult gliomas.

Mutations in H3F3A, a gene encoding H3.3, occur in almost 70% of DIPGs while those in
HIST1H3B/C, encoding H3.1, occur in about 15% (Fig 1.2) [52]. Both mutations result in a lysine
(K) to methionine (M) substitution at amino acid 27 in the histone, that is, H3.3K27M and
H3.1K27 (or together as simply H3K27M). H3.1K27M mutations are more prevalent in younger
patients and in females while H3.3K27M affects ages and genders in midline tumors
indiscriminately [52]. The discovery of H3K27M mutations in DIPG was the first linking mutant
histones to disease and was unexpected given the redundancy of genes expressing histones.
H3K27M mutation is heterozygous in 100% of all DIPG tumor tissues and is present in pre- and
post-treatment samples. This suggests that this mutation is necessary for both DIPG initiation and
maintenance. Interestingly, this mutation occurs only in tumors along the midline of the brain

suggesting H3K27M dependence on a specific developmental context for transformation [52].

H3K27 is located in the histone tail of the nucleosome, a domain containing serine (S), threonine
(T) and K residues that are modified by phosphorylation, methylation, acetylation, and
ubiquitination, resulting in changes in chromatin compaction and access to DNA [55]. These

modifications which are added by “writers” and removed by “erasers” also serve as docking sites



for proteins that either promote or repress gene expression. H3K27 can be methylated by the
polycomb repressive complex 2 (PRC2), and when trimethylated (me3), stimulates PRC2
methyltransferase activity leading to repression of target genes [56]. Mutation of the K to M (and
to a lesser extent isoleucine (1)) uniquely prevents formation of H3K27me3 by binding to and
inhibiting Enhancer of Zeste Homolog 2 (EZH2), the catalytic subunit of the PRC2 [57, 58]. The
mutation acts in a trans-dominant negative fashion, in that, despite mutant histone comprising
only 3 - 17% of total histones, a global reduction in H3K27me3 is observed across all histone
variants, including wildtype (WT) H3 [57]. H3K27M also increases H3K27 acetylation
(H3K27ac) through an unknown mechanism. The induced H3 hypomethylation results in an
increase in expression of genes including those involved in gliomagenesis such as platelet derived
growth factor receptor a (PDGFRa). Paradoxically, a few specific loci show an increase in
H3K27me3 and reduced expression. These include regions with genes involved in neuronal
differentiation and those with tumor suppressor genes such as CDKN2A [58, 59]. H3K27M also

leads to global DNA hypomethylation [58].

Clinically, H3K27M can be identified through sequencing or immunohistochemistry (IHC) in
tumor samples. IHC however, does not distinguish between mutations in H3.1 and H3.3. Levels
of H3K27me3 are also used as a surrogate for the presence of H3K27M mutation [3]. Recent
work has found that H3K27M mutations can be identified in circulating tumor cells in cerebral
spinal fluid (CSF). This potentially provides a less invasive means of diagnosis for DIPG [60,

61].



1.3 Other mutations in DIPG

In addition to mutations in histones, mutations in genes including ACVR1, TP53, PDGFRa, and
PPM1D have been found in a significant percentage of DIPG (Fig 1.2) [52]. These mutations are
different from those identified in adult gliomas which may be why therapies effective in adults
have failed in children. For example, BRAF V600E mutations common in adults are absent in
DIPG though present in some pediatric low grade gliomas (pLGG) and in hemispheric pediatric
high-grade glioma (pHGG) [52]. In the same vein, platelet derived growth factor receptor o
(PDGFRa) and not epidermal growth factor receptor (EGFR), is the most commonly amplified
and mutated receptor tyrosine kinase (RTK) in pHGG unlike in adult HGG [62-64]. Identification
of these mutations has sparked the development of multiple molecularly targeted therapies for
DIPG. Because mutations tend to be heterogeneous in tumors [65], no agent targeting a single
mutation or pathway is likely to effectively eliminate the DIPG. Rather, combination therapy

using agents targeting multiple pathways is more likely to result in clinical response in DIPG.

H3F3A 70%
HIST1H3B/C 11%
TP53 60%
PPM1D 25%
ACVR1 15%
PDGFRa 5%

Figure 1.2. Proportions of common mutations in DIPG. Data were obtained from
PedcBioPortal using the Children’s Brain Tumor Tissue Consortium, Pediatric Neuro-Oncology
Consortium, and the Institute for Cancer Research in London datasets [66, 67].

Protein Phosphatase 1D Magnesium-Dependent, Delta Isoform (PPM1D) mutations are typically

found in exons 5 — 6 resulting in c-terminal truncated protein (Fig 1.3) in up to 25% of DIPG



cases. These mutations are often mutually exclusive of TP53 mutations (Fig 1.2) and are known
to reduce PPM1D’s susceptibility to proteasomal degradation [68-70]. The characterization of

mutated PPM1D activity in DIPG is discussed in chapter 2 of this dissertation.
1.4 PPM1D biochemistry and expression

PPM1D, also known as wildtype p53 induced phosphatase 1 (Wipl), is a 605 amino acid protein.
It was first identified as a nuclear phosphatase whose expression was elevated in a p53 dependent
manner after cellular exposure to ionizing radiation (IR) or ultra violet light (UV) [71, 72]. The
protein comprises two domains, an N-terminal phosphatase domain highly homologous to the PP2C
family of protein phosphatases, and a C-terminal domain of unknown function which contains a
nuclear localization signal (NLS) (Fig 1.3). PPM1D phosphatase recognizes and targets S and T
residues located in p(S/T)Q and pTXpY motifs (Q: Glutamine, Y: Tyrosine) [73, 74]. Like other
PP2C phosphatases, PPM1D is insensitive to okadaic acid, an inhibitor of PP2A-type phosphatases,

and requires divalent cations, such as magnesium (Mg?*) or manganese (Mn?*) for activity [72].

Mutation cluster region

404 \ 546
1 ]

Phosphatase domain

0 98 375 535/ 552 605

Nuclear localization signal

Figure 1.3. Domain structure of PPM1D protein. The mutation cluster region is indicated with a
red bar [75, 76].



While PPM1D is expressed constitutively at low levels in cells, IR and UV increases its
expression. Cell stress response activators such as hydrogen peroxide (H202) also increase
PPM1D expression [71, 77-80]. The PPM1D locus is located on the long arm of chromosome 17
at 17922-23 [81]. PPM1D protein expression levels which are low during the G1- phase of the
cell cycle increase and peak during the S- and G2- phases. They return to baseline levels during
M- phase. Phosphorylation of multiple residues in the catalytic domain of PPM1D including S40
by cyclin dependent kinase 1 (CDK1) during mitosis leads to anaphase promoting complex/ cell
division cycle protein 20 (APC/Cdc20) mediated ubiquitination and subsequent proteasomal
degradation of PPM1D [82]. PPM1D is also degraded after phosphorylation by Homeodomain
Interacting Protein Kinase 2 (HIPK2) at S54 and S85 [83]. During the cell stress response,
PPM1D inhibition is relieved when AMP-activated protein kinase a 2 (AMPKa2) directly
phosphorylates HIPK2 at T112, S114, and T1107, in an ATM dependent process, causing HIPK2

to dissociate from PPM1D [83].

1.5 PPM1D phosphatase regulates the DNA damage pathway and cell cycle

The DNA damage response (DDR) is one key mechanism through which cells maintain genomic
integrity. When DNA develops single or double strand breaks from exposure to damaging agents
such as IR, proteins including Replication Protein A (RPA), ATR Interacting Protein (ATRIP)
and the Mrell-Rad50-Nbsl (MRN) complex bind DNA breaks, and recruit kinases Ataxia
Telangiectasia and Rad3-related protein (ATR) and Ataxia Telangiectasia Mutated (ATM) to
single strand DNA or double strand breaks respectively. When activated, ATM and ATR are
phosphorylated. ATM/ATR then activate transducer proteins Checkpoint Kinases 1 and 2
(CHK1/2) by phosphorylation [84]. These in turn phosphorylate effector proteins such as p53

leading to cell cycle arrest which enables DNA repair, permanent exit from the cell cycle through
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senescence, or cell death through apoptosis if the DNA damage is too severe [85]. The activated
CHKZ1/2 promote cell cycle arrest by targeting Cdc25A/B/C and inactivating Cyclin Dependent
Kinases (CDKs) [86]. ATM also phosphorylates H2A. X at S139, creating YH2A.X, a docking
site for either p53-Binding Protein 1 (53BP1), which leads to double strand break repair through
error prone non homologous end joining (NHEJ), or breast cancer type 1 susceptibility protein
(BRCAL), which leads to DNA repair through high fidelity homologous recombination (HR)

[87].

p53 when activated through phosphorylation by the CHK proteins, oligomerizes and binds to
promoters, inducing expression of PPM1D and genes involved in cell cycle arrest, DNA repair,
senescence, and apoptosis [86]. One such gene is CDKN1 encoding p21, a potent inhibitor of
CDKs. p21 activates the G1- and G2- checkpoints. At basal conditions, CDKN1 transcription is
inhibited by KRAB-associated protein-1 (KAP1). However, this inhibition is removed when
ATM and CHKZ2, activated by DNA damage, phosphorylate KAP1 at S824 and S473 respectively
[88, 89]. At the end of the DDR, the S473 phosphorylation mark is removed by Protein

Phosphatase 4 (PP4) to release the G1- checkpoint [90].

In the absence of an activating signal, p53 is inhibited by mouse double minute 2 homolog
(MDMZ2), an E3 ubiquitin ligase which targets p53 for proteasomal degradation, and a related
protein, mouse double minute X homolog (MDMX), which binds to the p53 promoter and
prevents transcription of the TP53 gene [91-93]. Activation of the DDR leads to inhibition of both
MDM2 and MDMX, resulting in stabilization and activation of p53. p53 activity, in turn,
increases expression of PPM1D, which then directly dephosphorylates key phospho-serine and
phospho-threonine residues in proteins involved in the DDR including p53 pS15, yYH2A.X pS139,

CHK1 pS345, CHK2 pT68, and ATM pS1981. Dephosphorylation inactivates these proteins [94-
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97]. PPM1D also inhibits p53 activity by dephosphorylating pS395 on MDM2 and pS403 on
MDMX. pS395 dephosphorylation stabilizes MDM2 [98, 99]. PPM1D, therefore, negatively
regulates the cell cycle and DNA damage response. Low level activity of PPM1D against p53 is

in fact necessary during the G2- phase to prevent terminal exit from the cycle [100].

DNA repair

< |
wtﬁ_ﬂ@ - Cell cycle arrest
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@ Inflammation modulation

Cell cycle arrest
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—— Transcriptional activation

— Deactivating phosphorylation
— Deactivating dephosphorylation
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Figure 1.4. Known targets of PPM1D
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Another known downstream target of PPM1D is p38 mitogen-activated protein kinase (p38
MAPK), a stress response protein that promotes cell cycle arrest by inhibiting the expression of
D cyclins, inhibiting Cdc25B activity, promoting degradation of Cdc25A, and activating p53 [71,
101-103]. p38 MAPK also promotes senescence and apoptosis [104]. PPM1D inactivates p38
MAPK by dephosphorylating pT180, a residue that is necessary for p38MAPK Kkinase activity

[71, 105].

Furthermore, PPM1D downregulates the expression of CDKN2A, the gene encoding p16INK4a
and pl4ARF. pl6INK4a and pl4ARF inhibit cell cycle progression and promote cellular
senescence [101, 106]. P16INK4a binds to and inhibits cyclin dependent kinase 4 and 6
(CDK4/CDKG®), kinases that when complexed with D-type cyclins enable progression from the
G1- to the S- phase of the cell cycle [107]. P14ARF binds to MDMZ2, preventing binding to and

ubiquitination of p53 [108] thus freeing p53 to inhibit the cell cycle and promote apoptosis.

By exerting inhibitory signals on p38 MAPK, pl4ARF, and pl16INK4a, PPM1D promotes
progression through the cell cycle. Accordingly, genetic inhibition of PPM1D leads to delays at

the intra-S and G2 checkpoints while overexpression overrides these checkpoints [96, 109].

The most recently identified target of PPM1D activity is the cyclin-dependent kinase inhibitor
p27XiPt, p27KIPLis phosphorylated at S140 by ATM in response to DNA damage and promotes G1

cell cycle arrest. PPM1D directly dephosphorylates this site and increases cell proliferation [110].

Escaping cell cycle checkpoint arrest and genetic instability are hallmarks of cancer. To prevent
transformation, cells need to repair damaged DNA, and, if they fail, they need to avoid dividing
and transmitting damaged genetic material to daughter cells. The DDR and cell cycle checkpoint

arrest are mechanisms through which cells avoid transmission of damaged genomes and
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subsequent cellular transformation. Because PPM1D inhibits these pathways, it has tumor
promoting properties when overexpressed or hyperactivated by mutation. Numerous tumors show
amplification of the PPM1D locus; and, PPM1D overexpression has been detected in many
tumors including breast, ovarian, colorectal, neuroblastoma, and medulloblastoma [111-118]. In
these tumors, PPM1D overexpression leads to increased proliferation and invasion. Studies have
shown that on its own, PPM1D acts only as a weak oncogene, increasing proliferation but not
leading to full transformation. It has, however, been found to cooperate with other oncogenes
including RAS, ERBB2, and mutated SMO (SMOAL) to promote cellular transformation and to
increase proliferation and invasion in models of breast cancer and medulloblastoma [101, 111,
119]. In addition to overexpression, c-terminal truncations that lead to increased protein activity
have been detected in PPM1D in breast, ovarian, colorectal cancers, as wells as DIPG. These
mutations, like overexpression, have oncogenic properties [70, 75, 112, 120-122]. Most recently,
studies have identified involvement of PPM1D mutations in increased levels DNA and histone
methylation at focal regions in the genome with resulting reduced gene expression. However, the

specific DNA and histone methyltransferases involved are still unknown [123].

1.6 Physiological roles of PPM1D

Knockout and overexpression studies of PPM1D in mice have illuminated many of the functions
of the PPM1D protein. While PPM1D -/- mice are viable, there appears to be an embryonic
selection against PPM1D loss as evident in the deviation from Mendelian genetics observed in
the offspring of PPM1D heterozygous mice. The number of PPM1D -/- mice born is less than the
expected 25%, and litters comprise of more females than males [124]. The mice that survive have
diminished male fertility due to defective spermatogenesis, deficient B- and T- cell numbers, and

premature aging. Additionally, the developing cerebella of PPM1D -/- mice exhibit dysmorphic
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features and reduced numbers of granule cell precursors [125]. PPM1D -/- mice exhibit
diminished tumor formation in models of breast cancer and medulloblastoma [101, 125]. These
phenotypes suggest roles for PPM1D in diverse processes ranging from post-natal developmental

to immunologic and tumorigenic pathways.

1.7 PPM1D is necessary for male fertility in mice

While PPM1D is expressed ubiquitously in all mammalian tissues, it is very highly expressed in
the testes of mice. Choi et al. showed that the postmeiotic round spermatid compartment of the
testes expresses very high levels of PPM1D, starting at times coinciding with puberty and
spermatogenesis [124]. PPM1D -/- male mice exhibit deficiency in sperm number and reduced
male fertility, with smaller male reproductive organs, and degeneration of the seminiferous
tubules and epididymis. In addition to fertility, PPM1D -/- mice are runted compared to
littermates through unknown mechanisms. Because PPM1D -/- mice are more often female than
male, and because no differences are apparent in mid-gestation male and female embryos,
PPM1D -/- males may be selected against very early in embryogenesis [124]. PPM1D has not

been implicated in female fertility.

1.8 PPMI1D is required for immune cell development and hematopoietic stem cell

regeneration

Another target of PPM1D is a member of the transcription factor nuclear factor-xB (NF-kB)
family, RelA/p65. NF-kB is a family of inducible master transcription factors that, when
activated, translocate to the nucleus, heterodimerize, bind to kB sites, and in association with co-
factors, regulate the transcription of many immune response genes [126]. p65 activity is heavily

regulated by phosphorylation at different sites including S536, a PPM1D dephosphorylation



15

target. Phosphorylation of S536 is necessary for transactivation of NF-kB and recruitment of the
transcription coactivator p300 [77, 127]. Interestingly, the promoter region of PPM1D contains a
kB binding site which, when bound by NF-kB, leads to enhanced transcription of the PPM1D
gene [79]. PPM1D and NF-«xB thus function in a negative feedback loop (Fig 1.4). Because of its
regulation of NF-xB, PPM1D may regulate expression of immune factors which could regulate

the immune response to cells with PPM1D activation.

PPM1D promotes the development and differentiation of myeloid and lymphoid cells [128-130].
In mice, PPM1D deficiency is associated with a poor T-cell proliferative response, abnormal
lymphoid histopathology, and increased susceptibility to viral infections [124]. One reason for
PPM1D’s effects on immune cells is that lymphoid hematopoiesis, specifically, the development
of B-and T- cell receptors, is accompanied by an increase in DNA damage during antigen receptor
generation. B- and T- cell receptors, as part of the adaptive immune system, need to be able to
recognize a wide array of foreign antigens. They achieve this by creating diverse protein receptors
through recombination of the variable (V), joining (J), and sometimes diversity (D) portions of
their genes generating combinatorial diversity. V(D)J recombination occurs through double
strand breaks of DNA created by RAG endonuclease during the G1 phase of the cell cycle. These
DNA breaks trigger activation of the ATM and p53 pathways. Activation of these pathways is
necessary for proper maturation of the lymphoid cells but can also lead to apoptosis if
hyperactivated [131, 132]. PPM1D is a necessary inhibitor of both ATM and p53 in these settings

to prevent excessive cell death through apoptosis.

T-cells undergo a variety of changes in their development and differentiation. They begin as cells
that are CD4 and CD8 double negative (DN) and then differentiate to express both CD4 and CD8

as double positive (DP) cells. Then, after undergoing negative selection, they end up as single
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positive (SP) T-cells expressing either CD4 or CD8. During the DN stage, cells undergo four
distinct developmental stages, DN1 — DN4. In PPM1D -/- mice, the DN4 stage is accompanied
by an increase in p53 activity, and results in cell cycle arrest without any changes in cellular
proliferation or apoptosis. PPM1D is required to inhibit p53 and allow cells to bypass the cell
cycle check point, complete the cell cycle, and transition from the DN3 to the DN4 stage [129].
Moreover, T-cell maturation, which occurs in the thymus, depends on T-cell interaction with
thymic epithelial cells (TECs) in the thymic stroma. PPM1D regulates the maturation of the
medullary subset of TECs. Its absence results in reduced numbers of TECs. This in turn
negatively affects the ability of the stroma to support proper T-cell maturation. Sun et al. showed
that inactivation of p38 MAPK by PPM1D is required for normal maturation of medullary TECs

[133].

Like T- cells, B- cells differentiate poorly in the absence of PPM1D. Mice deficient in Ppm1d
have fewer B- cells in the bone marrow, peripheral blood, and spleen compared to wild type mice.
The developmental defect in these cells is detected in the pre-B- cell compartment resulting from
sustained p53 activation and increased apoptosis. PPM1D is necessary for proper differentiation

of B- cells [130].

In hematopoietic cells, PPM1D is most highly expressed in neutrophils. Unlike those of B- and
T- cells, neutrophil numbers increase in the absence of PPM1D. PPM1D negatively regulates
number and maturity of neutrophils and its absence favors differentiation of hematopoietic
myeloid progenitors into mature granulocytic cells in a p38-MAPK dependent manner. Mice
without Ppml1d exhibit severe neutrophilia [128]. Additionally, PPM1D appears to have

inhibitory effects on the ability of neutrophils to Kill bacteria and to produce pro-inflammatory
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cytokines. In the absence of PPM1D, pro-inflammatory TNFa, IL6, IL12 and IL17 increases

through downstream activation of the p38 MAPK-STAT and NF-xB [134, 135].

In macrophages, PPM1D promotes the conversion of macrophages to foam cells during the
formation of atherosclerotic plaques activating downstream targets ATM and mTOR [136].
PPM1D also negatively regulates macrophage chemotaxis by inhibiting activity of Rac1-GTPase
and Phosphoinositide 3-Kinase/AKT (PISK/AKT) [137]. How PPM1D affects microglia, the
resident macrophages of the brain is still largely unknown. Only one study has evaluated PPM1D
activity in microglia and found that PPM1D negatively regulated activation of microglia in a

model of hypobaric hypoxic brain injury [138].

Hematopoietic stem cells, the source of all hematologic cells begin as multipotent long-term
hematopoietic stem cells (LT-HSC) which can divide asymmetrically to either regenerate or to
form a different multipotent cell type, the short term (ST) HSC. ST-HSCs can, in turn,
differentiate into a myeloid or lymphoid cell type. PPM1D is more highly expressed in LT-HSC
compared to the more differentiated ST-HSC and is involved in LT-HSC proliferation and
differentiation [139]. HSCs lacking PPM1D have diminished regeneration ability due to increased
p53 activity. HSCs regenerative ability also declines with age concomitant with increased
numbers of the more differentiated phenotypically defined hematopoietic cells. This is also

accompanied by a favoring of myeloid populations over lymphoid lineage cells [140, 141].

PPM1D -/- HSCs, like old cells, exhibit a more differentiated phenotype. There is, however, no
increase in senescent phenotype or apoptosis, and no difference in recovery after irradiation in
HSCs lacking PPM1D versus those with wildtype levels. Lack of PPM1D promotes HSC

proliferation in a p53 but not p21 dependent mechanism. The proliferative and differentiation
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phenotype can be rescued with p53 knockdown but the increase in HSC numbers remains
regardless of p53 expression. It is thought that this increase in HSC numbers occurs through
mammalian target of rapamycin complex 1 (mMTORC1) whose activity also increases in the

absence of PPM1D [139].

Because of its roles in regulating the DNA damage response and regulating activity of NF-xB,
PPM1D controls the immune system. Both immune cell numbers and maturation depend on
PPM1D activity. Additionally, PPM1D influences the regenerative abilities and division of

HSCs.

1.9 PPM1D is expressed in intestinal stem cells and inhibits apoptosis in colon pre-cancerous

cells

The intestinal epithelium is subjected to constant assault from ingested bacteria and toxins and
accumulates damage over time. To prevent the propagation of this accumulated damage, intestinal
epithelial cells turnover every 4 - 5 days. The intestinal wall consists of fingerlike projections
called villi separated by invaginations called intestinal crypts. Intestinal epithelial turnover occurs
when intestinal stem cells residing in the intestinal crypts divide, mature, and differentiate, while
migrating upward to populate the villi. These cells then die through apoptosis and are replaced
with new cells from the crypt. Intestinal stem cells reside in positions 4-6 of the intestinal crypt,
a region with high PPM1D expression. PPM1D also colocalizes with intestinal stem cell markers
including phosphorylated phosphatase and tensin homolog (PTEN), SRY-box transcription factor
4 (SOX4), and Leucine rich repeat containing G protein-coupled receptor 5 (LGR5), suggesting

a role for PPM1D in intestinal stem cells [142, 143].
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While PPM1D’s role in normal intestinal stem cell homeostasis remains unclear, its role in
transformed intestinal cells has been more deeply explored. Ppm1d deficiency does not eliminate
the development of pre-cancerous polyps in mouse models of colorectal cancer with clinically
relevant mutations in the adenomatous polyposis coli (APC) gene. Nevertheless, deficiency does
diminish the number and size of polyps that develop in PPM1D null mice compared to WT mice.
Interestingly, Ppm1d deficiency does not reduce proliferation of colon stem cells but increases

their apoptosis in a p53 dependent manner [142].

Clinical cases of colorectal cancer exhibit higher levels of PPM1D compared to normal tissue and
this high expression is correlated with inferior survival [113, 144]. In addition to gene
amplification, mosaic mutations in PPM1D have been found in colon cancer. These mutations,
which are truncating at R458 have been found both in HCT116 colorectal cancer cell lines and in
the blood of colon cancer patients. Similar mutations have been found in osteosarcoma cell lines
U20S [70, 145]. Biochemical studies of this truncated PPM1D protein have found that it is more
stable than wildtype protein and to leads to G1 checkpoint impairment. In addition to increased
stability, Kleiblova et al. show that truncated PPM1D is expressed at higher levels than WT

protein and inhibits p53 by dephosphorylation at S15 [70].

1.10 PPM1D promotes mammary development and breast cancer

The oncogenic properties of PPM1D have been explored most extensively in the context of breast
cancer. 15 — 28% of breast cancer cell lines and primary tumors exhibit amplification of PPM1D
especially in high grade tumors [146-148]. PPM1D amplification correlates positively with an

increase in PPM1D protein expression. However, overexpression is detected even in some tumors
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without genomic amplification suggesting other mechanisms for increased expression [120]. In

the luminal subtypes of breast cancer, PPM1D overexpression is associated with a poor prognosis.

In the mammary gland, PPM1D promotes stimulation of timely alveolar development by the
hormone prolactin [149-151] and is required for activation of Signal transducer and activator of
transcription 5 (STAT5) and extracellular-signal-regulated kinase (ERK) in response to prolactin
and human epidermal growth factor receptor 2 (HERZ2) stimulation respectively [152]. PPM1D -
/- mice have fewer hormone sensing cells in the mammary glands compared to wildtype mice

[152].

PPM1D amplification frequently co-occurs with ERBB2 amplification. ERBB2 encodes HER?2.
Mice lacking PPM1D expression are resistant to Her2 driven mammary transformation [111, 153]
a phenotype that is reversed by inactivation of p38 Mapk. p38 Mapk prevents tumor initiation but

paradoxically, promotes progression of already formed tumors [154].

Furthermore, latency of Her2 driven tumors reduces with Ppml1d overexpression [155]. In
humans, PPM1D overexpression also correlates with an increase in mutational burden and
cytosine to thymine substitutions in the DNA of breast cancers [156]. Cytosine to thymine
substitutions occur after cytosine deamination and are the most common spontaneous mutations
[157]. Interestingly, Ppm1d has no effect on murine wingless (Wnt) mammary tumors [101]
despite Ppm1d’s regulation of Wnt by transcriptional repression of Wnt antagonist Dkk3 in the

neural precursors of the subventricular zone of the brain [158].

In addition to PPM1D overexpression, a small proportion (0.5 — 8%) of breast cancers patients
have PPM1D truncating mutations, which are interestingly in the blood and not tumor tissues.

These mutations are accompanied by increased PPM1D activity, evident in increased p53
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dephosphorylation [75]. However, these mutations have not been associated with any increase in

breast cancer risk [159].

1.11 PPM1D promotes brain development and brain tumors

PPM1D plays many roles in the development of different parts of the brain. For example, it
controls proliferation and expansion of cells of the external granule layer (EGL) of the developing
cerebellum. EGL cells stimulated by SHH proliferate postnatally in mice before migrating inward
to form the internal granule layer (IGL). Mice lacking Ppm1d have fewer cells and a thinner EGL

expressing proliferation markers Ki67 and Cyclin D1 compared to Ppm1d WT mice [125].

Ppm1d also controls neurogenesis in the forebrain. Neural precursor cells (NPCs) located in the
sub-ventricular zone of the mouse brain are the stem cells that maintain neurogenesis throughout
life. They divide asymmetrically producing one NPC and one neuroblast which further
differentiates into a neuron. These neurons migrate through the rostral stream and populate the
olfactory bulb. NPCs express high levels of Ppm1d in addition to neuroepithelial stem cell protein
(Nestin), SRY (sex determining region Y)-box 2 (Sox 2), and Glial fibrillary acidic protein
(Gfap). Ppm1d expression in NPCs reduces with mouse age and this coincides with a reduction
in neurogenesis [158], a phenotype that is rescued with Ppm1d overexpression. Mechanistically,
Ppmld controls the G2/M checkpoint of NPCs in a p53 dependent manner and functions
antagonistically with Dkk3, a suppressor of Wnt activity. In addition to promoting NPC
proliferation, Ppm1d is also required for self-renewal and trans-differentiation of the stem cells

[160].
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It is yet to be discovered what function PPM1D plays in normal brain cells including microglia,
astrocytes, and oligodendrocytes. Given its role in the development of other cell types discussed

above, it is likely involved in integral ways.

In addition to roles in normal brain development, PPM1D, when dysregulated, plays roles in
malignant brain tumors. Medulloblastoma (MB), the most common malignant brain tumor in
children is characterized into four subgroups with differing gene expression profiles. These
subgroups include the WNT subgroup which is driven by activation of genes in the WNT pathway
such as mutation of the CTNNB1 gene and the Sonic hedgehog (SHH) subgroup. SHH MB is
driven by activation of the SHH pathway through mutations of SHH pathway genes including
patched (PTCH1), smoothened (SMO), and Suppressor of fused homolog (SUFU). Other MB
subgroups are Group 3 and 4 whose molecular drivers are only minimally understood. Group 3
tumors are characterized by MYC amplification while Group 4 tumors have amplification of
MYCN and CDK®6 [161]. In addition to differences in gene expression, MB subgroups have
varying clinical outcomes. WNT tumors have the best clinical prognosis, with greater than 90%
of patients surviving while Group 3 MB has the worst outcomes with less than 50% of patients

surviving. Group 4 and SHH MB have intermediate clinical outcomes [162-164].

PPM1D is overexpressed in approximately two-thirds of MB cases, especially in non-WNT MBs
[112, 163, 165]. In murine models of SHH MB, overexpression of PPM1D correlated with
increased expression of a variety of genes involved in cellular invasion including pro-metastatic
matrix metalloprotease 9 (MMP9) and C-X-C chemokine receptor type 4 (CXCR4). Increase in
Cxcr4 expression led to an increase in Akt activation. Similarly, in patients, overexpression of
PPM1D correlated with increased metastasis and reduced progression free and overall survival.

PPM1D also led to activation of GLI1 and CCND1 genes downstream of SHH, and
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overexpression of PPM1D in SHH activated medulloblastoma mouse models increased tumor

incidence [125].

In Group 3 MB, isochromosome 17q is prevalent and correlates with PPM1D overexpression
[112]. Early mouse models of Group 3 MB were driven by MYC overexpression and p53
inactivation despite the absence of TP53 mutations in patients [166, 167]. Isochromosome 17q
and the histological and genetic similarity of mouse tumors created with Myc overexpression and
p53 inactivation to human Group 3 tumors suggests that alterations that inhibit p53 activity,

possibly PPM1D overexpression, are a possible mechanism of tumorigenesis in these tumors.

1.12 PPM1D inhibition in the treatment of cancer

Because overexpression or mutation of PPM1D promotes tumorigenesis in many cancers,
inhibiting its activity is an attractive therapeutic strategy. One of the first inhibitors of PPM1D
developed was a cyclic peptide inhibitor which took advantage of PPM1D’s conserved specificity
for substrates with pTXpY motifs. Because replacing T with S in the sequence inhibits PPM1D
activity, the peptide inhibitor contained a pSXpY sequence [168]. A second generation of this
peptide increased specificity for PPM1D over PPM1A, another PP2C phosphatase, and had an
inhibition coefficient (IC50) of 110nM, 50 times lower than the first generations. The peptide is

a competitive inhibitor PPM1D [169].

Arsenic trioxide (ATO), a potent chemotherapeutic used in the treatment of acute promyelocytic
leukemia (APML), also inhibits PPM1D, inducing activity of PPM1D targets CHK2 and p38
MAPK [170]. However, the drug does not specifically target PPM1D and is associated with

numerous side-effects [86].
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Small molecules have also been developed to inhibit PPM1D activity. Reactivation of p53 activity
and induction of tumor cell apoptosis (RITA) was one of the first such drugs. It can induce
apoptosis in p53 WT cells with dysregulated PPM1D activity by binding to p53 and thereby
preventing MDM2 binding and subsequent p53 degradation [171, 172]. RITA also suppresses
PPM1D mRNA production [173]. Interestingly in neuroblastoma, RITA can inhibit cells with

either WT or mutant p53 suggesting p53 independent mechanisms [174].

CCTO007093 is a small molecule inhibitor which directly binds to PPM1D inhibiting its activity
with an IC50 of 8.4 uM in vitro, and reducing the viability of PPM1D overexpressing cells [175]..
CCTO007093 is however, not specific to PPM1D as cells lacking PPM1D also respond to the drug
[176]. Another compound with greater specificity for PPM1D is GSK2830371. It binds to the
PPM1D flap domain and inhibits protein activity with IC50s as low as 13nM in some cells. Some
cells with activated PPM1D show reduced proliferation with GSK2830371 treatment but no
changes in apoptosis while other cell types have both reduced proliferation and increased
apoptosis [176-178]. GSK2830371 is orally bioavailable, successfully shrinking flank xenografts,

but its ability to cross the BBB to inhibit PPM1D in the brain is yet to be validated.

Given PPM1D activity in tumor cells, in stem cells, and in immune cells, it possibly modulates
interactions between tumors and their microenvironments. Whether these interactions can be
targeted therapeutically and whether they can be altered with PPM1D inhibition needs to be

explored as PPM1D continues to be developed as a therapeutic target.

1.13 Scope of this dissertation

This dissertation will explore the effects that PPM1D mutations have on growth and radio-

sensitivity of DIPG. As attempts at therapeutically targeting the molecular alterations in DIPG
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are underway, we sought to determine whether PPM1D mutations could also be targeted. We
show in work presented in Chapter 2 that PPM1D truncating mutations in DIPG increase
proliferation and reduce apoptosis of tumor cells in human derived cell lines and mouse xenograft
models. Notably, genetic and pharmacologic inhibition of PPM1D reduces the proliferation and
proportion of cells in S-phase while increasing apoptosis. Inhibition of PPM1D also activates the
DDR, increasing phosphorylation of p53 S15 and H2A.X S139, and potentiates the antitumor
effects of ionizing radiation. PPM1D inhibition works with radiation to reduce proliferation and
increase apoptosis, in DIPG with PPM1D truncating mutations. The work presents PPM1D as a

viable target for therapy in DIPG.
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2.1 Abstract

Background: Children with diffuse intrinsic pontine glioma (DIPG) succumb to disease within 2
years of diagnosis despite treatment with radiation (IR) and/or chemotherapy. Our aim was to
determine the role of PPM1D mutation, present in up to 25% of cases, in DIPG pathogenesis and

treatment.

Methods: Using genetic and pharmacologic approaches, we assayed effects of PPM1D mutation
on DIPG growth and murine survival. We assayed effects of targeting mutated PPM1D alone or
with IR on signaling, cell cycle, proliferation, and apoptosis in patient derived DIPG cells in vitro,

in organotypic brain slices, and in vivo.

Results: PPM1D-mutated DIPG cell lines exhibited increased proliferation in vitro and in vivo,
conferring reduced survival in orthotopically-xenografted mice, through stabilization of truncated
PPM1D protein and inactivation of DNA damage response (DDR) effectors p53 and H2A.X.
PPM1D knock-down or treatment with PPM1D inhibitors suppressed growth of PPM1D-mutated
DIPGs in vitro. Orthotopic xenografting of PPM1D shRNA transduced or PPM1D inhibitor-
treated, PPM1D-mutated DIPG cells into immunodeficient mice resulted in reduced tumor
proliferation, increased apoptosis, and extended mouse survival. PPM1D inhibition had similar
effects to IR alone on DIPG growth inhibition and augmented the anti-proliferative and pro-

apoptotic effects of IR in PPM1D-mutated DIPG models.

Conclusions: PPM1D mutations inactivate DDR and promote DIPG growth. Treatment with
PPM1D inhibitors activated DDR pathways and enhanced the anti-proliferative and pro-apoptotic
effects of IR in DIPG models. Our results support continued development of PPM1D inhibitors

for Phase I/11 trials in children with DIPG.
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Key Points:

e DIPG PPM1D mutants exhibit increased growth & reduced survival in xenografts.
e PPMI1D knockdown or inhibition extends survival of PPM1D-mutated DIPG xenografts.

e PPMID inhibition augments radiation growth suppression in PPM1D-mutated DIPGs.
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2.2 Importance of the Study

DIPG is an aggressive brainstem glioma that currently is incurable. Recent studies identified novel
mutations of PPM1D in up to 25% of DIPGs. We demonstrate that PPM1D mutation promotes
DIPG through PPM1D protein stabilization and inactivation of DNA damage response (DDR).
Treatment with a small molecule inhibitor activates DDR pathways and enhances the anti-
proliferative and pro-apoptotic effects of ionizing radiation in pre-clinical models of DIPG. Given
that PPM1D mutations have been linked to predisposition to breast and ovarian cancers, as well
as some secondary leukemias, our findings have broader relevance than only to DIPG. Our findings
also provide strong rationale for continued investigation of inhibition of mutant PPM1D, with the
eventual goal of advancing a PPM1D inhibitor into Phase I/1l clinic trials in PPM1D mutated

malignancies, including DIPG.



30

2.3 Introduction

Diffuse intrinsic pontine glioma (DIPG) is an aggressive brainstem glioma that is incurable by
surgical resection or chemotherapy. Although ionizing radiation (IR) offers palliative benefit, most
children succumb to disease within a year of diagnosis [4, 179, 180]. Thus, DIPG carries the
highest mortality rate of all pediatric brain tumors. Improved outcomes and survival demand an
improved understanding of DIPG pathobiology, identification of novel molecular targets, and new

treatment approaches.

Recent publications have identified somatic mutations, including those in TP53, ACVRL1, PIK3CA,
and PPM1D, hypothesized to drive DIPG tumorigenesis [49, 68, 69, 76, 181]. TP53 is mutated in
40-70% of DIPGs [181], and preclinical evidence suggests that TP53 mutation cooperates with
other characteristic mutations, such as those in the histone gene H3F3A and/or PDGFRA, to drive
DIPG tumor formation [59, 182]. Mechanisms whereby other mutations promote DIPG

tumorigenesis are less clear.

Overexpressed or amplified PPM1D (protein phosphatase, magnesium-dependent 1, delta),
identified in breast and ovarian carcinomas, and subsequently in pediatric neuroblastoma and
medulloblastoma, cooperates with other oncogenes to promote tumor growth [119, 183-186]. De-
phosphorylation of activating serine or threonine residues on p53 itself, on ATM/ATR and
CHKZ1/2 upstream of p53, and on MDM2/MDMX downstream of p53, are known PPM1D-

associated mechanisms of tumorigenesis [78, 80].

PPM1D mutations exist in a variety of malignancies, including DIPG. Mosaic PPM1D mutations,
resulting in protein-truncating variants, were first identified in breast and ovarian cancers. They

conferred increased PPM1D activity, with suppressed phosphorylation of the PPM1D targets p53
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and H2A.X in response to IR [75]. A subsequent publication in osteosarcoma and colon cancer
cells confirmed the hyperactive phenotype of PPM1D mutants and demonstrated increased
stability of the mutant PPM1D [70]. Recent studies identified PPM1D mutations in up to 25% of
DIPGs [49, 68, 69, 187]. Most DIPGs that harbor a PPM1D mutation are distinct from TP53
mutant tumors [68]. One publication suggested that the DIPG-characteristic mutation in the histone
modifier, H3F3A, to H3K27M is usually followed by a mutation in TP53 or PPM1D [68]. PPM1D
mutations have also been associated with chemo-resistance in myeloid cancers [188]. This suggests
the importance of understanding mechanisms of PPM1D mutation in DIPG pathogenesis and

treatment responsiveness.

We found that stable transduction of clinically relevant PPM1D mutations into murine and patient
derived DIPG cells increased proliferation and impaired survival of mice. PPM1D mutants
inactivated DNA damage response effectors p53 and H2A.X, similar to prior reports in PPM1D-
amplified medulloblastomas [119, 125]. Conversely, PPM1D knockdown suppressed proliferation
and extended the survival of mice xenografted with PPM1D-mutated DIPG cells. PPM1D
inhibitors suppressed the growth of PPM1D mutated DIPGs in neurospheres, immunocompetent
organotypic brain slices, and organotypic brain slices derived from symptomatic, orthotopically
xenografted mice. PPM1D-mutated DIPGs treated with a PPM1D inhibitor exhibited reduced
proliferation, increased apoptosis, and extended survival in vivo. PPM1D inhibition had similar
effects on DIPG growth inhibition as IR alone, and augmented anti-proliferative and pro apoptotic

effects in combination with IR.
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2.4 Materials and Methods

Cell culture and maintenance

SU-DIPG VI (Gift, Michelle Monje, Stanford University), HSJD-DIPG 007 (Gift, Angel
Carcaboso, Sant Joan de Deu, Barcelona), and CNMC-XD-625 (Gift, Javad Nazarian, Children’s
National Medical Center) were authenticated by STR DNA profiling and confirmed mycoplasma-
free using MycoAlert (Lonza, Alpharetta, GA) annually. Murine DIPG cells were derived from
the brainstem of symptomatic Nestin/Tva; Ink4a/Arf -/-, RCAS-PDGFB-transduced mice (Gift,
Javad Nazarian, Children’s National). Cells were maintained at 37°C in a humidified incubator
and 5% CO2 with tumor stem medium (TSM) consisting of 1:1 Neurobasal® (-A) (Gibco
Laboratories, Gaithersburg, MD; #10888-022):DMEM/F-12, supplemented with 1xAntibiotic-
Antimycotic (ThermoFisher Scientific, Waltham, MA; #15240062), 1xSodium Pyruvate (Life
Technologies, Carlsbad, CA; #11360-070), IXMEM Non-Essential Amino Acids (ThermoFisher;
#11140050), 10mM HEPES buffer (HyClone Laboratories; Logan, UT; #SH30237.01),
1xGlutaMax-1 (Gibco; #35050061), 1xB27 minus vitamin A (ThermoFisher, #12587010),
20ng/ml EGF, 20ng/ml bFGF, 10ng/ml PDGF-AA, 10ng/ml PDGF-BB (EGF, bFGF, PDGF-AA,
and PDGF-BB from Shenandoah Biotechnology; Warwick, PA; #PB-500-19), and 2ug/ml heparin
(STEMCELL Technologies, Cambridge, MA; #07980). Neurospheres were dissociated using

Accutase® (Innovative Cell Technologies, San Diego, CA).

Gene sequencing

Genomic DNA was extracted using the Qiagen DNeasy Blood and Tissue kit (Qiagen,
Germantown, MD) following the manufacturer’s protocol. PPM1D and TP53 exons were PCR-

amplified using the following primers (Invitrogen, Carlsbad, CA). PPM1D primers were
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gatacagatgtagtggcagctaaatc, cgctaaccaaagaactggtgtc, tgccatcctactttcataagaag,
ttggtccatgacagtgtttgttg, ttccaattggccttgtgecta, aaaaaagttcaacatcggcacca. P53 primer sequences
were tgttcacttgtgccctgact, ttaacccctcctcccagaga, cttgccacaggtctceccaa, aggggtcagaggcaagcaga,
ttgggagtagatggagect, and agtgttagactggaaacttt. Sequencing was performed by Genewiz (South

Plainfield, NJ) and analyzed using the SnapGene software v.3.3.4 (GSL Biotech, Chicago, IL).

Lentiviral particle production and infection

GFP-PPM1D precision lentiORF expression constructs were modified in the Custom Cloning
Core Facility (Emory University) to encode PPM1D mutations: L513*, T483, C478*, or S468*.
shPPM1D constructs have been previously described [189]. psPAX2 and vesicular stomatitis virus
G expression plasmid (pVSVG) plasmids were gifts (H. Trent Spencer, Emory University); empty
vector pLKO.1 was also a gift (Rita Nahta, Emory University). Production and transduction with
lentiviral particles has been previously described [190]. Briefly, 1X10°6 293T cells were plated on
100-mm dishes (Sigma-Aldrich, St. Louis, MO) and, 24 hours later, transfected with 8ug pLKO.1
empty vector or GFP expressing shPPM1D lentiviral vector along with 4ug packaging construct,
psPAX2, and 4ug pVSVG, using Lipofectamine 3000 (Invitrogen). Virus production was verified
using the green fluorescent protein expression marker. Supernatant from transfected cells was
collected 48- and 72- hours following transfection and concentrated by ultracentrifugation for 2.5
hours at 24,000xRPM at 4°C in a SW-28 rotor (Beckman Coulter, Atlanta, GA). Virus was re-

suspended in 1:200 x volume serum-free DMEM media and stored at —80°C.

For transduction, 1X10° DIPG cells were plated in 6-well plates and, 24 hours later, were
transduced with virus particles with 10pug/mL Polybrene (MilliporeSigma, Burlington, MA).

PPM1D knockdown following lentivirus infection was confirmed by immunoblotting.
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Immunoblotting

1x10° cells/well were seeded in 6-well plates. After 24 hours, vehicle or 5uM GSK2839371
(Selleckchem, Houston, TX; #S7573) was added. Cells were harvested 1-24 hours after drug
treatment. Cells were also treated with 10Gy IR 24 hours after drug treatment and harvested 1-24
hours after radiation. Protein analysis was previously described [190]. Immunoblotting was
performed with: a-PPM1D (Santa Cruz Biotechnology, Dallas, TX; #sc-376257), a-p53 (Santa
Cruz; Cat#sc-126), a-phospho-p53 Serl5 (Cell Signaling, Danvers, MA; #9284), a-H2A.X (Cell
Signaling; #7631), a-phospho-H2A.X Ser139 (Cell Signaling; #9718), a-B-actin (Sigma-Aldrich,
St. Louis, MO; #A5316), and a-14-3-3 (Cell Signaling; #8312). Secondary antibodies: Alexa
Fluor® 680 goat a-rabbit IgG (ThermoFisher; #A21109) or IRDye 800CW goat a-mouse 1gG (LI-
COR, Lincoln, NE; #926-32210) were used at 1:5000 and imaged using an Odyssey® scanner (LI-

COR).

Viability assays

Cells were seeded at 1X10° cells/well into a 96-well plate (VWR). 24 hours later, cells were treated
with vehicle control, 5uM GSK2839371 (Selleck Chemicals, Houston, TX), or PPM1D or
scrambled shRNA for 24 hours. CellTiter-Glo® 2.0 (Promega, Madison, WI) of equal volume was
added and luminescence measured using a GloMax®-multi detection system (Promega), according

to the manufacturer’s specifications.

Cell cycle analysis

Cells were dissociated and plated in 6-well plates at 1X10° cells/well, treated with 5uM

GSK?2830371 24 hours later, and irradiated with 4 Gy IR 24 hours after drug treatment. 24 hours
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after IR, cells were treated with 10uM EdU (ThermoFisher Scientific) for 2 hours and then
dissociated, washed, fixed and stained using the Click-iT™ EdU Alexa Fluor™ 647 Flow
Cytometry Assay Kit (ThermoFisher Scientific) following the manufacturer’s protocol. Cells were
also treated with 100pug/mL RNAse (Roche) and stained with 100ug/mL propidium iodide (P1)
(Sigma-Aldrich) at 37°C in the dark before flow cytometry on a CytoFLEX flow cytometer
(Beckman Coulter). Unstained cells and cells stained only with Propidium lodide (P1) or Alexa
dye (647nm)-conjugated EdU were used for compensation controls. For Pl stained cell cycle
analysis without Click-EdU co-staining, compensation was not required. Cells were first gated to
eliminate debris and necrotic cells; cells were further gated to eliminate doublets. Analysis was
performed in FlowJo (FlowJo, Ashland, OR). For cell cycle analysis with PI staining, a build-in
FlowJo program was used to determine cell cycle phases. For the Click-EdU assay, phases of the
cell cycle were gated based on fluorescence intensity of Pl and conjugated-Edu, and on distinct
patterns of cell populations, according to the manufacturer’s recommendations. Proliferating cells

were identified by EdU staining.

Apoptosis analysis

Cells were dissociated and plated in 6-well plates at 1X10° cells/well and treated with 5uM
GSK?2830371 24 hours later. The cells were then irradiated with 4 Gy IR 24 hours after drug
treatment and harvested 24 hours later for flow cytometry. Unstained DIPG (DIPG7, DIPGVI, or
DIPG VI-PPM1D-L513%*) cells, or DIPG cells stained only with Annexin-V or 7-AAD were used
for compensation and to determine Annexin-V or 7-AAD-positive thresholds for subsequent
gating. Cells were dissociated with Accutase (Sigma-Aldrich), washed with ice-cold FACS buffer
(1% BSA in PBS), then re-suspended in ice-cold Annexin V Binding buffer (BioLegend, San

Diego, CA). Cells were stained with 6ug/mL FITC- Annexin V (BioLegend) and 5ug/mL 7-AAD
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(BioLegend) at room temperature in the dark, immediately before being analyzed on a CytoFLEX
flow cytometer (Beckman Coulter). Live cells were gated first. This was then applied to all samples
to eliminate debris and necrotic cells. Live cells were further gated based on the Annexin-V and

7-AAD-positive thresholds. Data were analyzed with FlowJo.

Colony formation

Vitrogel (TheWell Bioscience, Newark, NJ) was diluted 1:2 with water then 2X10° cells were
added per mL of diluted Vitrogel. Cells in Vitrogel were plated in 24-well plates, and medium was
added once Vitrogel solidified. 24 hours later, 5uM GSK2830371 or vehicle was added. Medium
with drug was replenished every 2 days for 21 days. Images were captured at 4X using a Leica
MZ10F dissecting microscope (Leica Microsystems, Buffalo Grove, IL) with a DFC 365FX digital
camera and the Leica Application Suite-Advanced Fluorescence software package (Leica
Microsystems). Images were analyzed using CellProfiler (CellProfiler, Cambridge, MA) with a

pipeline counting the number of colonies per well.

Mouse xenografting and drug treatment

DIPGT cells were suspended in TSM containing negative control (sShNC) versus PPM1D shRNA
(shPPM1D), or DMSO versus 5puM GSK2830371 and xenografted into the brainstem of post-natal
day 0-2 (P0-2) NOD scid gamma (NSG) mice (The Jackson Laboratory, Bar Harbor, ME). Mice
were housed in AALAC-accredited facility and maintained per NIH guidelines. Animal care and

experiments approved by Emory’s IACUC (PROT0201800212).
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Brain tissue handling, immunofluorescence, and quantitation

Six hours following intraperitoneal (IP) injection with 100pg/g body weight BrdU (BD
Biosciences, San Jose, CA), mice were sacrificed and perfused with PBS and 4%
paraformaldehyde (Santa Cruz). Midline sagittal-sectioned whole brains were paraffin-embedded
in the Emory Histology Core. Following de-paraffinization and antigen retrieval, tissues were
blocked with 0.1% Triton, 5% normal goat serum, and 2% BSA in PBS for 1 hour at room
temperature (RT), and incubated with: a-Ki67 (Cell Signaling; #9449), a-BrdU (BD Biosciences;
#347580), and/or a-GFP (Cell signaling; #2956) at 4°C overnight, washed with PBS and incubated
with o-rabbit Alexa Fluor® 488 or goat a-mouse Alexa Fluor® 594 secondary (ThermoFisher;
#A11-034, #A-11032) at RT for 1 hour. Slides were washed with PBS and mounted using

Vectashield with DAPI (Vector Laboratories, Burlingame, CA; #H-1200).

2x10° DIPG cells were seeded on coverslips in 24-well plates, coated with poly-L-lysine (Sigma-
Aldrich) and Geltrex® (ThermoFisher). 24 hours after seeding, cells were treated with DMSO or
5uM GSK?2830371. Cells were irradiated at 4Gy, fixed with 4% PFA 24 hours later, then blocked,
as above, and incubated with a-Ki67 (Cell Signaling) overnight at 4°C, then incubated with Alexa
Fluor® 594 goat a-rabbit IgG secondary (ThermoFisher). Coverslips were mounted with

Vectashield with DAPI.

Images were captured at 40X with a Leica DM2500 microscope with DFC 365FX digital camera
using Leica Application Suite-Advanced Fluorescence software (Leica Microsystems, Buffalo
Grove, IL) from 6 representative areas per slide, and analyzed using CellProfiler (CellProfiler,
Cambridge, MA) with 2 separate pipelines identifying DAPI positive and Ki67, BrdU, or TUNEL

positive cells.
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Tissue slice culture, immunofluorescence, confocal imaging and quantification

Whole brains from P14 CD1 (Charles River Laboratories; Strain Code:022) or symptomatic DIPG-
xenografted NSG mice collected immediately following CO2 euthanasia were embedded in 1%
agarose+0.6% glucose in HBSS, sectioned into 300um slices using a VT1200 vibratome (Leica),
and placed onto pre-equilibrated (submerged for 30 minutes in HBSS/glucose in a humidified
incubator at 37°C) 30um membrane inserts (ThermoFisher) in 6 well-plates with DIPG medium,

in a humidified incubator with 5% COs..

GFP-expressing DIPG7 neurospheres were implanted onto P14 CD1 organotypic brain tissue
slices, using a micropipette under a MZ10F (Leica) dissecting microscope, and maintained in a
humidified incubator with 5% CO2. GFP+ fluorescent area was imaged at implantation and for
120 hours after implantation using a dissecting microscope with a DFC 365FX (Leica) digital

camera and Leica Application Suite-Advanced Fluorescence software.

Organotypic brain tissue slices from symptomatic DIPG-xenografted NSG mice were treated with
DMSO or 0.5-5uM GSK2839371. 24 hours later, for some experiments, slices were exposed to
mock or 4Gy IR and cultured for 2 additional days, then washed and fixed in 4% PFA overnight
at 4°C before immunofluorescence. Slices were washed with PBS, permeabilized with 0.5% Triton
in PBS overnight at 4°C , blocked with 20% BSA in PBS overnight at 4°C, then incubated with:
a-GFP (Abcam, Cambridge, MA) and a-Ki67 (Cell Signaling) at 4°C overnight, before incubation
with secondary, as above, overnight at 4°C, followed by DAPI incubation at RT for 20 minutes.
Tissue slices were mounted onto slides with Vectashield (Vector) for confocal imaging. Six

representative images were taken of each slice using an Olympus FVV1000 confocal microscope



39

(Olympus Corporation, Center Valley, PA) with Olympus Fluoview V4.2 software. Olympus OIB

files were converted to PNG using Fiji software [191] and quantified using CellProfiler, as above.

Statistical analysis

The number of animals required per arm was based upon the following calculation: N=1+2C(s/d)2,
where n=number of animals per arm, C = 7.85 when o = 0.05 and = 0.8 (significance level of
5% with a power of 80%), s = standard deviation, and d = difference to be detected. For all survival
experiments, we estimated a standard deviation of 10 days and the difference to be detected of at
least 20 days. These assumptions were achievable with n = at least 5 animals per arm. Investigators

were not blinded to treatment group allocation.

All experiments performed under cell culture conditions were designed to ensure power > 0.8 with
a error = 0.05. Assuming a 20% difference between control and experimental groups, with a
standard deviation of 0.5%, in vitro experiments were designed to contain > 3 samples in each

experimental group. For in vitro experiments, no results were excluded from analyses.
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2.5 Results

Mutant PPM1D increases viability of murine and human patient-derived DIPG

Using Sanger sequencing, we verified TP53, but not PPM1D mutations in DIPG VI cells.
Sequencing primers spanned PPM1D exons 5-6, where most PPM1D mutations are localized [75].
Conversely, both DIPG7 and CNMC-XD-675 cells were TP53 wild type, but harbored
homozygous and heterozygous mutations in PPM1D, respectively (Fig. 2.1A-B).
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Figure 2.1. Mutant PPM1D increases viability of DIPG cells. A. Clinical characteristics and

mutational status of frequently altered genes in patient-derived DIPGs. B. Sanger sequencing

identified PPM1D mutation in DIPG7 (red arrow; yellow arrow, corresponding amino acid

alteration), but not DIPGVI cells. C. Murine DIPG cells from RCAS-PDGFB transduced Nestin-
tva; Inkda/Arf -/- mice (left panel) or DIPG VI cells (right panel) were stably transduced with
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control (EV) or PPM1D-mutated lentivirus and assayed for viability in 7 days using CellTiter-Glo.
Y-axis, relative luminescence (n=4 replicates/construct/experiment). Experiments repeated three
times. Error bars, standard error of the mean (SEM). D. Kaplan-Meier survival for NSG mice
orthotopically xenografted at PO-2 with murine DIPG cells transduced with EV or PPM1D-L513*
(left panel), or human DIPG cells (right panel). E. Brainstems of symptomatic mice (D) were
immunostained (left panels) for GFP (green), BrdU (red), and DAPI (blue). BrdU+/high power
field (HPF) was quantified (right panel; n=3 mice/xenograft, 6 non-overlapping fields/tumor).
Horizontal line, mean; Whiskers, standard deviation (SD). Scale bar, 200um. ns, not significant;
*, p<0.05; **, p<0.01; **** p<0.0001.

Since PPM1D mutations usually function in a dominant negative fashion to drive cancer cell
growth [192], we stably transduced murine and human DIPG VI cells with lentiviral constructs
expressing PPM1D mutations identified in human DIPG patient tissues: S468, C478, T483, or
L513*. Transduction with PPM1D-mutant constructs increased viability of murine and patient-

derived DIPG cells (Fig. 2.1C).

Carboxy-terminal-truncated PPM1D typically demonstrates increased protein stability and intact
phosphatase activity in adult cancer cells [70]. We found that cycloheximide treatment reduced
expression of full-length PPM1D in DIPG VI cells, but not of truncated, mutated PPM1D in
DIPGY cells. In DIPG VI-PPM1D-L513* cells stably transduced with mutant PPM1D, truncated
PPM1D exhibited increased stability compared to endogenous, full-length PPM1D (Fig. 2.S1).
This suggests that increased protein stability is one mechanism whereby PPM1D mutation

promotes DIPG tumorigenesis.

In vivo, murine DIPG cells stably transduced with a PPM1D-mutated construct and orthotopically

xenografted into neonatal NSG mice exhibited reduced survival (median, 108 +/- 5 days),



43

compared to empty vector-transduced cells (Fig. 2.1D; left panel). Similarly, patient-derived,
PPM1D-mutated DIPG7 cells readily generated tumors (median survival, 53 +/- 13 days). The
median survival of DIPG VI-xenografted mice was significantly longer, 253 +/- 37 days.
Interestingly, when DIPG VI-PPM1D-L513* or DIPG VI-PPM1D-T483 stable cells were
orthotopically xenografted into the brainstem at PO-2, mice became symptomatic at median 60 +/-
17 and 89 +/- 14 days, respectively (Fig. 2.1D; right panel). BrdU incorporation demonstrated
increased proliferation of DIPG VI-PPM1D-L513* and DIPG VI-PPM1D-T483 xenografts,

compared to parental DIPG VI xenografts (Fig. 2.1E).

PPM1D knockdown significantly inhibits growth of PPM1D-mutated DIPG

To verify the growth-promoting effects of PPM1D mutation, we transduced human DIPG cells
harboring a de novo mutation or stably-transduced with a mutated PPM1D construct with two
unique PPM1D-targeting shRNAs. Lentiviral transduction reduced PPM1D protein expression by
>60% (Fig. S2.2A), compared to negative control transduced cells. PPM1D knockdown
significantly reduced the viability of de novo PPM1D-mutated DIPG7 and CNMC-XD-625 cells.
Interestingly, PPM1D knock down also resulted in increased suppression of viability of DIPG VI-

PPM1D-L513* cells versus parental DIPG VI cells (Fig. S2.2B).

In vivo, PPM1D knockdown suppressed tumor proliferation and improved the survival of NSG
mice orthotopically-xenografted with DIPG7 cells. Kaplan-Meier analysis identified a clear
difference in survival of NSG mice xenografted with shPPM1D- versus shNC-transduced DIPG7
cells (Fig. 2.2A). Analysis of the brainstem of symptomatic mice demonstrated significant
suppression of Ki67 and BrdU expression in shPPM1D-, compared to shNC-transduced DIPG7

cells (Fig. 2.2B-C).
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Figure 2.2. PPM1D knockdown suppresses proliferation of PPM1D-mutated DIPG cells in
vivo. (A) DIPGY cells stably transduced with a GFP-expressing construct transduced with negative
control (shNC) or PPM1D-targeting sShRNA (shPPM1D) were orthotopically xenografted into the

brainstem of PO-2 NSG mice. Shown: Kaplan—Meier survival. Immunostaining (left panels) for
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(B) Ki67 (red), and DAPI (blue), or (C) BrdU (red), and DAPI (blue) in brainstem of symptomatic
mice. Ki67+/DAPI+ or BrdU+/DAPI+ nuclei were quantified, respectively (right panels).
Experiments repeated twice. Error bars, SD. Scale bars, 50 um. ****P < (.0001.

PPM1D-mutated DIPGs exhibit increased sensitivity to PPM1D inhibitors

Prior reports have shown that small molecule inhibitors that target the phosphatase or flap domains
of PPM1D suppress PPM1D function and tumor growth in cell culture and in vivo, including in
sub-groups of PPM1D-overexpressing medulloblastoma (MB) [115, 125, 175, 177, 193]. A recent
study demonstrated increased chemo-sensitivity of an AML cell line stably expressing mutant
PPM1D in combination with a PPM1D inhibitor [188]. We found that the PPM1D inhibitors
CCT007093 and GSK2830371 suppressed PPM1D-mutated DIPG7 growth with half-maximal
inhibitory concentrations (ICsos) of 19uM and 4.6uM, respectively (Fig. S2.3A; left panel). In
comparison, the 1Cso for CCT007093 or GSK2830371 was >200uM in PPM1D wild-type DIPG
VI cells (Fig. S2.3A; right panel). In DIPG7 cells, GSK2830371 treatment increased
phosphorylation at activating serines on the PPM1D targets p53 and H2A.X within 6 hours (Fig.
S2.3B). GSK2830371 did not alter phosphorylation of p53 or H2A.X in DIPG VI cells (Fig.
S2.3C). However, within 24 hours of treatment, GSK2830371 enhanced phosphorylation of
H2A.X in DIPG VI-PPM1D-L513* cells (Fig. S2.3D). This suggests that PPM1D mutant protein

sensitizes DIPG cells to the growth suppressive effects of PPM1D small molecule inhibitors.
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PPM1D inhibition suppresses growth of PPM1D mutated DIPG cells in organotypic brain

slice cultures

Due to increasing recognition of important interactions between cancer cells and their
microenvironment [194-196], we generated organotypic brain slice (OBS) cultures from
immunocompetent CD1 and symptomatic NSG mice. Studies suggest similarities, such as the
presence of stem-like cells, between the ventral brainstem of 6- to 7-year-old children, peak ages
for DIPG presentation, and the ventral brainstem of P14-21 mice [19]. Thus, we implanted GFP-
stable DIPG7 neurospheres into the dorsal and ventral pons of OBS from P14 CD1 mice. The
GFP+ area expanded significantly by five days following DIPG7 implantation in the dorsal and
ventral pons (Fig. 2.3A), suggesting that murine immunocompetent OBSs are capable of
supporting human DIPG cell growth. However, while DIPGs may originate in the ventral pons

[19], both the dorsal and ventral pons supported growth of established DIPG cells.



47

I Ventral
Rostral I I Dorsal
250
225
200
175

150
125 i
100{ == —_

0 3 5 0 3 5

Brainstem
Cerebellum (CS))

(CBL) Dorsal (D)
Pons Ventral (V)
Pons

Caudal

Percent difference in
tumor volume (0d -3d-5d)

75

Time (Days)

B
Vehicle GSK2830371 100 -
75 4

50 4

ErEk

25 1

Ki67/DAPI + cells (%)

Vehicle  GSK2830371

»10.5uM GSK2830371 5uMGSK2830371

>k

-

(4]

o
:

ey
o
o

Ki67 + cells/HPF

—

Vh GSKi, 0.5 um GSKi, 5 um

Vehicle 5 UM GSK2830371 DIPG VI-PPM1D-L513
. : 300 ~ i
—
L
T
©
o
~ 100 —
©
<
0 T T
Vh GSKi, 5 um

Figure 2.3. A small-molecule PPM1D inhibitor suppresses proliferation of PPM1D-mutated
DIPG cells in OBS cultures. (A) Mid-line sagittal tissue section (left panel) of P14 CD1
brainstem. DIPG7-GFP neurospheres implanted onto the dorsal (D) or ventral (V) brainstem (BS)
of P14 CD1 OBS. Representative image (middle panel). CBL, cerebellum. GFP+ neurospheres
imaged on day of implantation (day 0), and days 3 and 5 following implantation. GFP+ area

quantified versus GFP+ on day 0 (right panel) (n = 6 replicates/location on brain slices/day). Scale
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bar, 300 um. (B) DIPG7 neurosphere-implanted P14 CD1 OBS treated with 5 uM GSK2830371
for 48 hours and incubated with Ki67 antibody (left panels). Shown: percentage of Ki67+
(red)/nuclear DAPI+ (blue) cells/HPF (right panel) (n = 4 replicates/condition/experiment). Scale
bar, 50 um. (C, D) OBS from symptomatic NSG mice xenografted with DIPG7-GFP (C) cells or
DIPG VI PPM1D-L513*-GFP stably transduced cells (DIPG VI-L513*-GFP) (D) were treated
with vehicle (Vh) or 5 uM GSK2830371 (GSKi) for 48 hours and immunostained for GFP (green),
Ki67 (red), and DAPI (blue) (left panels). Shown: Ki67+ cells/HPF (right panel) (n = 6 non-
overlapping HPFs/slice, 3 slices/condition). Experiments repeated 3 times. Boxes, range; middle
line, mean; error bars, SD. Scale bars, 50 um. *P < 0.05, **P < 0.01, ***P < 0.001, ****p <

0.0001.

By Ki67 immunofluorescence (IF), PPM1D inhibition with GSK2830371 significantly reduced
proliferation of DIPG7 cells imbedded into P14 CD1 OBSs (Fig. 2.3B). GSK2830371 also caused
a dose-dependent reduction in proliferation of DIPG7 and DIPG VI-PPM1D-L513* cells in ex

vivo OBSs from symptomatic NSG mice (Fig. 2.3C-D).

PPM1D inhibition extends survival of mice bearing PPM1D-mutated DIPG orthotopic

xenografts

In vivo efficacy of a PPM1D inhibitor has been demonstrated against subcutaneous flank
xenografts of PPM1D-overexpressing cancers [177]. However, no studies to date have
demonstrated in vivo efficacy of PPM1D small molecule inhibitors against mutant PPM1D-
containing malignancies. We identified a clear difference in survival of NSG mice orthotopically
xenografted with DIPG?7 cells that were treated with GSK2830371 and immediately injected into
the brainstem at PO-2, compared to vehicle-treated, xenografted controls (Fig. 2.4A). Analysis of

the brainstem of symptomatic mice showed that GSK2830371 suppressed Ki67 and BrdU
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expression (Fig. 2.4B-C) and increased apoptosis (Fig. 2.4D) of GSK2830371-treated, DIPG7-

xenografted cells.
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Figure 2.4. PPM1D inhibition suppresses proliferation of PPM1D-mutated DIPG cells in
vivo. (A) DIPG7-GFP cells treated with vehicle or 5 pM GSK2830371 were xenografted into the
brainstem of P0-2 NSG mice. Shown: Kaplan—Meier survival. Immunostaining (left panels) for
(B) GFP (green), Ki67 (red), and DAPI (blue), or (C) GFP (green), BrdU (red), and DAPI (blue)
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in the brainstem of symptomatic mice. Ki67+/DAPI+ or BrdU+/DAPI+ nuclei, respectively, were
quantified (right panels). (D) The brainstem of vehicle and GSK2830371-treated mice was
immunostained (left panels) for GFP (green), TUNEL (red), and DAPI (blue). TUNEL+/HPF was
quantified (right panel) (n = 6 non-overlapping HPFs/tumor, 3 tumors/condition). Experiments
repeated twice. Error bars, SD. Scale bars, 50 um. ***P < 0.001, ****P < (0.0001.

Since PPM1D mutations are rare in TP53-mutated DIPG [68], one concern regarding PPM1D
inhibition is that GSK2830371-treated DIPG cells may select for TP53 mutation. We did not
sequence the TP53 locus in xenografts. However, since strong nuclear p53 expression is used as a
surrogate for TP53 mutation, we used IF to assay TP53 status. IF showed extensive nuclear p53
expression in TP53-mutated DIPG VI, but sparse p53 expression in untreated DIPG7 orthotopic,
xenografted DIPGs (Fig. S2.4A). IF did not show a difference in total or nuclear p53 expression
in GSK2830371-treated, versus vehicle-treated, DIPG7 xenografts (Fig. S2.4B). This suggests that
PPM1D inhibition does not promote acquisition of a TP53 mutation and is a viable strategy for

PPM1D mutated DIPGs.

PPML1D inhibition cooperates with gamma irradiation to suppress viability of DIPG

To date, the only effective treatment for DIPG is IR. Unfortunately, IR is not curative. We
hypothesized that combining PPM1D inhibition with IR will increase anti-tumor effects. We
treated DIPG VI and DIPG7 cells with the PPM1D inhibitors CCT007093, GSK2830371, or RITA
[173] +/- IR. DIPG VI exhibited minimal responsiveness to PPM1D inhibition or IR, alone or in
combination (Fig. S2.5A). Responsiveness to combination therapy with a PPM1D inhibitor and

IR was most apparent 72 hours following exposure to combined treatments.
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PPM1D-mutated DIPG7 was more sensitive to IR. As opposed to cancer cells that overexpress
PPM1D, DIPG7 cells were relatively insensitive to CCT007093 [125, 175, 190]. At 72 hours,
RITA alone resulted in greater growth suppression than IR alone in DIPG7 cells. Combined RITA
and IR was similar in growth suppression to RITA alone. The growth suppressive effects on DIPG7
cells, at 72 hours, were similar for IR versus GSK2830371. However, combined GSK2830371 and
IR significantly reduced growth of DIPG7 cells compared to either drug alone (Fig. S2.5B). We
also observed a significant reduction in colony formation and cell viability when GSK2830371

was combined with IR (Fig. S2.5C).

To validate results from CellTiter-Glo assays, we treated DIPG cells suspended in basement
membrane matrix with GSK2830371 +/- IR. Treatment with either GSK2830371 or IR resulted in
a similar level of suppression of proliferation of DIPG7 cells. Combined treatment with
GSK2830371 and IR resulted in further reduction in DIPG7 proliferation, compared to either
modality alone (Fig. S2.6A-B). In comparison, neither GSK2830371 nor IR significantly altered
proliferation of DIPG VI cells. (Fig. S2.6C-D). Analogous to our findings in DIPG7 cells,
proliferation of DIPG VI-PPM1D-L513* cells was suppressed by either GSK2830371 or IR
treatment alone. Additionally, combination therapy with GSK2830371 and IR further suppressed

proliferation, compared to IR alone (Fig. S2.6E-F).

Previous studies in PPM1D-amplified cancers demonstrated that PPM1D inhibition suppresses
growth by enhancing phosphorylation and activation of PPM1D targets critical for DNA damage
response (DDR), including p53 and H2A.X [78, 80]. DIPG?7 cells treated with GSK2830371 and
IR exhibited increased phosphorylation of p53 and H2A.X for up to six hours and one hour,

respectively, compared to vehicle-treated, irradiated controls (Fig. 2.5A).
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GSK?2830371 with IR did not alter phosphorylation of p53 or H2A.X in DIPG VI, compared to
controls (Fig. 2.5B). DIPG VI-PPM1D-L513* cells exhibited increased H2A.X phosphorylation
by 1 hour after GSK2830371 and IR compared to controls (Fig. 2.5C). Thus, similar to PPM1D-
amplified cancer cells, PPM1D-mutated DIPG cells demonstrate enhanced activation of DDR

pathways in response to combined IR and PPM1D inhibition.
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Figure 2.5. PPM1D inhibition and ionizing radiation enhance PPM1D target activation in
PPM1D-mutated DIPG cells. Expression of PPM1D targets p53 and H2A.X in (A) DIPG 7, (B)
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DIPG VI, and (C) DIPG VI-PPM1D-L513* cells treated with vehicle or 5uM GSK2830371 and
10Gy IR. Protein densitometry (right panels) shows expression, relative to loading control, B-actin,
and vehicle-treated controls (n=3 replicates/time point/condition). Experiments repeated three
times. Error bars, SD. *, p<0.05; **, p<0.01; ***, p<0.001.

Combined PPM1D inhibition and gamma irradiation enhances suppression of S phase and

proliferation, while promoting apoptosis of PPM1D mutated DIPG cells

GSK2830371 caused an accumulation of DIPG7 cells in GO/G1 phase of the cell cycle and a
reduction in the percentage of cells in S phase. Combination therapy with GSK2830371 and IR
significantly suppressed the percentage of DIPG7 cells in S phase (Fig. 2.6A). Alone or in
combination, neither GSK2830371 nor IR dramatically affected the cell cycle profile of DIPG VI
cells (Fig. 2.6B). But, GSK2830371 caused accumulation of DIPG VI-PPM1D-L513* cells in
GO0/G1 and reduced the percentage of DIPG VI-PPM1D-L513* cells in S phase, compared to
vehicle. Combined treatment with GSK2830371 and IR also resulted in a modest but statistically
significant reduction in the percentage of DIPG VI-PPM1D-L513* cells in S phase, compared to

irradiated cells (Fig. 2.6C).
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55

Changes in proliferation of PPM1D-mutated DIPG cells correlated inversely with changes in
apoptosis. Treatment with GSK2830371 or IR resulted in a similar increase in apoptosis of DIPG7
cells. Combined treatment with GSK2830371 and IR resulted in an additional, significant increase
in apoptosis of DIPG7 cells (Fig. S2.7A). Alone, neither GSK2830371 nor IR promoted apoptosis
of DIPG VI cells (Fig. S2.7B). However, by flow cytometry, combined treatment with
GSK?2830371 and IR resulted in a modest, but statistically significant, increase in apoptosis of
DIPG VI-PPM1D-L513* cells, compared to treatment with either modality or to vehicle controls
(Fig. S2.7C).

We also assayed TUNEL immunostaining in OBSs from symptomatic mice orthotopically
xenografted with DIPG7 or DIPG VI-PPM1D-L513* cells. Analogous to our findings by flow,
either treatment with GSK2830371 or IR increased the percentage of TUNEL+ DIPG?7 cells in
OBSs. Combined treatment with GSK2830371 and IR resulted in an even greater increase in the
percentage of apoptotic, TUNEL+ DIPG7 and DIPG VI-PPM1D-L513* cells (Fig. S2.8), which
suggests a significant advantage to combined therapy with PPM1D inhibition and IR in PPM1D-

mutated DIPGs.
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2.6 Discussion

We have used patient-derived DIPG cells in vitro and in vivo to show that PPM1D mutation
promoted PPM1D stabilization in DIPG cells, increased proliferation in culture, and increased
tumor formation in the developing brainstem. Conversely, genetic ablation using PPM1D-
targeting shRNAs impaired cell viability in cell lines that contain a de novo PPM1D mutation and
in a DIPG cell line with stable expression of a DIPG relevant mutant PPM1D. Zhang et al.
previously used homologous recombination to show that genetic conversion of mutant to wild-
type PPM1D results in reduced proliferation of PPM1D mutated HCT116 colon cancer cells [69].
But, our findings suggest that PPM1D mutation is an important driver in DIPG and support the
findings of Filbin et al. and Nikbakht et al. who used single cell RNA-seq and evolutionary 1
reconstruction in a cohort of 134 DIPG tissues, respectively, to identify mutation of TP53 or

PPM1D as driver mutations downstream of the characteristic DIPG H3F3A mutation [51, 68].

Of interest is our finding of increased proliferation in vitro and reduced survival of orthotopically-
xenografted DIPG VI stably transduced with PPM1D-mutated, compared to parental DIPG VI
cells. Prior studies have shown that overexpressed PPM1D promotes tumorigenesis by inactivating
components of the DDR pathway, especially p53 itself and its targets. Our findings of increased
tumorigenicity in DIPG VI cells with stable expression of mutant PPM1D, which also harbor
inactivating TP53 mutations, suggest a p53-independent mechanism of tumorigenesis for PPM1D-
mutated DIPGs. PPM1D is known to regulate MAPK and PI-3 kinase signaling through
dephosphorylation of p38MAPK and NFkB, as well as mTORCI. It is possible that these pathways

contribute to the oncogenic function of mutant PPM1D.
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We have further shown that some inhibitors with activity against PPM1D overexpressed or
amplified malignancies also inhibit proliferation of PPM1D-mutated DIPGs. CCT007093, a
cyclopentanone identified in a chemical screen against PPM1D overexpressing cancer cells,
induces apoptosis via activation of p38MAPK and works synergistically with paclitaxel in breast
cancer cells [175]. CCT007093 is hypothesized to inhibit the phosphatase domain of PPM1D.
RITA, a tricyclic thiophene derivative, inhibits the interaction of p53 and MDMZ2, its major
regulator, and prevents p53 polyubiquitination, resulting in increased p53 stability and activity,
cell cycle arrest, and apoptosis [172]. In PPM1D-overexpressing neuroblastomas, RITA inhibits
the expression of oncogenes, including N-myc, Aurora kinase, MDM2, MDMX, and PPM1D
[174]. The mechanism by which RITA inhibits PPM1D expression is unclear, but PPM1D

repression results in activation of ATM and downregulation of HDMX [173].

GSK280371, a thiophenecarboxamide derivative, is an orally active, allosteric, non-competitive
PPM1D inhibitor that binds a structural flap domain which is unique to PPM1D, resulting in p53-
dependent inhibition of tumor growth in vitro and in vivo [177]. In a recent publication,
GSK?2830371 altered phosphorylation of key DDR proteins, including ATM, CHK1/2, MDM2/X,
p53, and p21, preferentially killed PPM1D-mutated cells, and re-sensitized myeloid leukemia cells

to the conventional chemotherapy [188].

In vitro, CCT007093 and GSK2830371 exhibited 10-100x increased efficacy against PPM1D-
mutated DIPG?7 cells, compared to PPM1D wild-type DIPG VI cells. Additionally, RITA was as
effective as IR in suppressing the growth of DIPG7, but not DIPG VI cells. Using OBSs from
immunocompetent and NSG mice containing either DIPG7 or DIPG VI-PPM1D-L513* cells, we
also showed that PPM1D inhibition suppressed the growth of PPM1D-mutated DIPGs within the

brainstem microenvironment. We verified PPM1D-targeted activity by GSK2830371 using
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western blotting in DIPG7 and DIPG VI-PPM1D-L513* cells, which showed increased activation
of PPM1D targets p53 and H2A.X. Prior evidence that RITA and GSK2830371 suppress
expression or activity of PPM1D, while simultaneously activating DDR proteins, including ATM
and p53, likely helps explain their increased efficacy against PPM1D mutated DIPG cells, alone
and in combination with IR, compared to CCT007093, which is primarily known to promote

apoptosis by activating p38MAPK signaling in cancer cells that overexpress PPM1D.

Given our findings of efficacy of PPM1D inhibitors in PPM1D-mutated cells under cell culture
conditions and in OBSs, we examined in vivo efficacy by treating DIPG7 cells with vehicle,
GSK2830371, or PPM1D shRNA and immediately xenografting cells into the pons of neonatal
SCID mice. This allowed us to circumvent potential issues with drug delivery. PPM1D knock-
down or GSK2830371 treatment resulted in a significant survival advantage, as well as both
decreased proliferation and, in GSK2830371-treated mice, increased apoptosis. A limitation of our
study is that these differences in survival might be due to reduced engraftment of PPM1D knocked-
down or GSK2830371-treated DIPG7 cells. Thus, future studies will examine the response of

established PPM1D mutated murine and human DIPGs to PPM1D inhibition.

Prior publications have shown that chemotherapy selects for TP53 mutations and poor outcomes
in some cancers, such as neuroblastoma [197]. Given that TP53 and PPM1D mutations do not
often co-exist, one concern regarding PPM1D inhibition is that it may select forTP53 mutation in
DIPG. We did not detect differences in total or nuclear p53 expression in GSK2830371-treated
DIPG?7 xenografts. Thus, results presented in this study suggest that PPM1D-targeted inhibition is

a viable strategy for PPM1D mutated DIPGs.
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DIPGs are radio-responsive at diagnosis. Recently reports show that they also respond to re-
irradiation following progression [198]. Current trials are employing molecularly targeted or
immuno-therapies to enhance the efficacy of IR and promote tumor regression. Our results show
that RITA is as effective as IR, but only GSK2830371 increased the anti-DIPG efficacy of IR.
Future studies will address the role of combined treatment with PPM1D inhibitors and IR in vivo.
Nevertheless, our results provide strong rationale for continued development of clinically viable

PPM1D inhibitors and eventual trials combining PPM1D inhibitors with IR in DIPG.
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2.7 Supplemental Figures

Supplementary Figure 1
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Supplementary Figure 2.1. Mutation enhances PPM1D protein stability in DIPG cells.

Western blotting of whole cell lysates from DIPG VI, DIPG7 (A), and DIPG VI (C) cells stably
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transduced with a PPM1D-mutated construct, PPM1D-L513*, treated with the inhibitor of protein
synthesis, cycloheximide, and harvested for up to six hours after treatment. B, D. Quantified
expression of PPM1D and 14-3-3 as a loading control (n= at least 3 measurements of protein
concentration/time point). Experiments were repeated at least three times. Error bars, standard
deviation (SD). *, p<0.05; **, p<0.01.
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Supplementary Figure 2
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Supplementary Figure 2.2. PPM1D knockdown in patient derived, PPM1D-mutated DIPG
cells inhibits proliferation. A. Patient derived DIPG cell lines were transduced with either an

empty vector, negative control (shNC) or one of two different green fluorescent protein (GFP)-
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tagged PPM1D-targeting shRNAs. Seventy-two hours after viral transduction, western blotting
was used to determine PPM1D protein expression, relative to expression of the -actin loading
control in whole cell lysates. Shown below the PPM 1D bands is expression relative to 3-actin, and
to expression in DIPG cells transduced with shNC lentivirus. C. Cell proliferation was determined
by CellTiter-Glo 72 hours after transduction with shNC or one of two different GFP-tagged
PPM1D-targeting shRNAs (n=4 replicates/condition/experiment). Experiments were repeated at
least three times. Error bars, SEM. *, p<0.05; **, p<0.01; **** p<0.0001.
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Supplementary Figure 3
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Supplementary Figure 2.3. PPM1D-mutated DIPG cell lines exhibit increased sensitivity to
growth inhibition with a PPM1D small molecule inhibitor. A. PPM1D-mutated DIPG7 or
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PPM1D wild-type DIPG VI cells were plated in 96-well plates, treated with the PPM1D small
molecule inhibitors CCT007093 or GSK2830371, and assayed for proliferation using CellTiter-
Glo assay after 24 hours of drug exposure. The 1C50 for each drug was determined by plotting the
log of drug concentration versus luminescence (n=6 replicates/condition/experiment). B-D.
DIPG7, DIPG VI, or DIPG VI-PPM1D-L513* cells, were treated with vehicle or 5uM
GSK2830371. Expression of the PPM1D targets, total and phosphorylated H2A.X and p53, was
determined by western blotting. Protein expression was quantified using an Odyssey infrared
imaging system and Odyssey software, relative to expression of the loading control, B-actin, and
to vehicle-treated controls (n=4 measurements of protein concentration/time point). Experiments
were repeated at least three times. Error bars, SD. *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001.
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Supplementary Figure 4
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affect p53 expression in DIPG7 orthotopically-xenografted mice. A. The brainstem of
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symptomatic mice xenografted with DIPG VI or DIPG7 cells was immunostained for p53
expression. DIPGVI xenografts exhibit strong nuclear p53 expression in almost all tumor cells.
p53 expression was scant and both nuclear and cytoplasmic in DIPG7 tumor cells.
Immunofluorescence was quantified (lower panels) as p53+/high power field (HPF) and
p53+/DAPI+ cells (n=3 mice/treatment group, 6 non-overlapping HPFs/mouse). B. The brainstem
of symptomatic DIPG7-GFP-xenografted mice treated with either vehicle or GSK2830371 was
immunostained for p53 (red), and DAPI (blue). Immunofluorescence was quantified (lower panel)
as p53+ nuclei/HPF (n=3 mice/treatment group, 6 non-overlapping HPFs/mouse). Error bars, SD.

Scale bars, 50um. **, p<0.01; ns, not significant.
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Supplementary Figure 2.5. PPM1D inhibition enhances the effects of
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seeded in 96-well plates. Twenty-four hours later, they were treated with vehicle or PPM1D
inhibitors CCT007093, RITA, or GSK2830371 at 5uM for each drug. Twenty-four hours after
drug treatment, cells were mock irradiated, or exposed to 4Gy ionizing radiation (IR).
Luminescence was measured using CellTiter-Glo. C. DIPG7 cells stably transduced with a GFP-
expressing vector were seeded at 2x10%mL in a 1:4 solution of Vitrogel: cell culture medium for
3 weeks. Cells were treated with vehicle or 5uM GSK2830371, and mock irradiated or exposed to
4Gy IR. Cell culture media was replaced every 2 days for 3 weeks. After 3 weeks, GFP+ images
were captured, and the number of colonies quantified (left and middle panels). Cells were then
harvested, and viability was determined by trypan blue exclusion (right panel) (n=4 replicates/time
point/condition). Experiments were repeated at least three times. *, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001.
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Supplementary Figure 6
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Supplementary Figure 2.6. Combined PPM1D inhibition and ionizing radiation enhances
suppression of proliferation of PPM1D-mutated DIPG cells. DIPG7 (A), PPM1D wild-type
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DIPG VI (C), and DIPG VI cells stably transduced with a PPM1D-L513* mutation, DIPG VI-
PPM1D-L513* (E), were immobilized on poly-D-lysine and Geltrex-coated coverslips.
Immobilized cells were treated with vehicle or 5uM GSK2830371, then twenty-four hours later,
exposed to mock radiation or 4Gy IR. Twenty-four hours later, cells were fixed in 4% PFA and
incubated with an antibody against Ki67 (red). Nuclei were stained with DAPI (blue). Proliferation
was quantified by counting Ki67+ DIPG7 (B), DIPG VI (D), or DIPG VI PPM1D-L513* (F) cells/
HPF (n=6 non-overlapping HPFs, 4 replicates/condition). Experiments were repeated at least three
times. Scale bars, 50um. *, p<0.05; **, p<0.01; ****, p<0.0001.
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Supplementary Figure 2.7. lonizing radiation enhances efficacy of PPM1D inhibition on
apoptosis of PPM1D-mutated DIPG cells. (A) DIPG 7, (B) DIPG VI, and (C) DIPG VI-PPM1D-
L513* cells were treated with vehicle or 5uM GSK2830371, exposed to mock radiation or 4Gy
IR, and then incubated with AnnexinV and 7-AAD. Cell death analysis (right hand panels) is
shown (n=4 replicates/condition). Experiments were repeated at least three times. Error bars, SD.
** p<0.01; ***, p<0.001; ****, p<0.0001.
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Supplementary Figure 8. lonizing radiation enhances the efficacy of PPM1D inhibition on
apoptosis of PPM1D-mutated DIPG cells in organotypic brain slice cultures. PO-2 NSG mice
were orthotopically xenografted with 1x10° DIPG cells. Organotypic brain slices were generated
from symptomatic mice xenografted with PPM1D-mutated DIPG7 (A) or DIPG VI cells stably
transduced with a PPM1D-L513* mutation, DIPG VI-PPM1D-L513* (C). Brain slices were
treated with vehicle (Vh) or 5uM GSK2830371 (GSKi). Twenty-four hours later, they were
exposed to mock radiation or 4Gy IR. Another 24 hours later, they were fixed in 4% PFA and
immunostained for TUNEL (red), DAPI (blue), and GFP (green; only for slices derived from
symptomatic mice xenografted with DIPG VI-PPM1D-L513* cells) expression. B, D.

Immunofluorescence was quantified as TUNEL+/DAPI+ cells/HPF (n=5 mice/treatment group, 6
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non-overlapping HPFs/mouse). Experiments were repeated at least three times. Boxes, range;
Middle line within boxes, mean; Error bars, SD. Scale bars, 50um. *, p<0.05; **, p<0.01; ****,
p<0.0001.
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Chapter 3

3 Discussion

3.1 DIPG background

Diffuse intrinsic pontine glioma (DIPG) is a devastating malignancy of the brainstem in childhood.
It progresses rapidly after initial symptom onset and is often diagnosed through magnetic
resonance imaging (MRI). Because of the tumor’s location, surgery is not a viable treatment
option. Median survival is only 9 months after radiation, the standard therapy [23], and no other
treatment is effective. Many chemotherapeutic agents including, temozolomide which is effective
in adult gliomas, have been attempted in DIPG, but have showed no success [180]. This dismal

prognosis has remained unchanged in over four decades [4].
3.2 DIPG molecular alterations

Recent molecular profiling studies have revealed biological differences between gliomas in adults
and those in children [9]. Strikingly, DIPG is also biologically distinct from supratentorial gliomas
in children. H3K27M from mutations in H3F3A and HIST1H3B is prevalent in DIPG and other
midline gliomas but absent from supratentorial gliomas [52]. Genes that are commonly mutated in
DIPG, in addition to H3F3A and HIST1H3B, include ACVR1, TP53, PISKCA, PI3KR, PDGFRA,
and PPM1D. The molecular differences between DIPG and adult gliomas partly explain the poor
therapeutic response previously observed in DIPG when agents that were effective in adults were

used. Another possible reason for poor therapeutic response is insufficient accessibility of the
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brainstem to agents administered systemically due to the highly impermeable blood brain barrier

(BBB) in this location [199].

As profiling studies identify molecular alterations such as PPM1D mutations in DIPG, there is a
need to characterize these alterations and identify druggable targets. Faithful preclinical models
are an ideal setting for dissection of molecular pathways and testing of drugs for clinical

translation.

3.3 Modeling brain tumors

Brain tumor preclinical models fall in two main categories: in vitro and in vivo. Each model has

distinct merits and limitations.

3.3.1 In vitro models

DIPG in vitro models consist of primary and cell line cultures from biopsy and autopsy tumor
samples. These cells are grown as either neurospheres or adherent cultures in serum free medium
supplemented with growth factors [3]. Both biopsy and autopsy samples contain clinically relevant
molecular alterations, but autopsy samples can also harbor therapy induced changes to gene
expression. In vitro models are beneficial for their ease of manipulation and quick turnaround for
results. A disadvantage, however, is that responses in in vitro models translate poorly to responses

in the clinic.



79

3.3.2 In vivo models

3.3.2.1 Patient derived xenografts (PDX)

In vivo DIPG models in mice include patient derived xenografts (PDX), genetically engineered
mouse models (GEMMs), and syngeneic mouse models. PDX models are established by
implanting human tumor cells into the brainstems of immune compromised mice. In Chapter 2,
we used a PDX model of DIPG to assess the role of PPM1D mutations in DIPG progression and
showed that PPM1D inhibition is a viable strategy for treatment of PPM1D-mutant DIPG. PDXs
are beneficial for their ability to form uniform tumors across different mice, and their formation of
tumors bearing a comprehensive representation of the molecular alterations found in the patient

tumor from which the PDX is formed.

The biggest drawback to PDX use is the absence of immune cells in the tumor microenvironment
of immune compromised mice [200]. Immune compromised mice are required to prevent rejection
of human tumors in mice. This, however, prevents evaluation of tumor- microenvironment
interactions which contribute to both tumor progression and treatment response [194]. As such,
responses in immunocompromised mice may not accurately predict responses in humans with
complex immune systems. Furthermore, PDXs do not allow the study of tumor initiation as
injected cells are already fully transformed at time of xenograft. It is also difficult to study the
effect of a single mutation in the complex milieu of alterations found in PDX tumors. Another
disadvantage of PDX use is that not all cell lines are able to form tumors in vivo. PDXs therefore,
select for cells with in vivo growth potential which tend to be the most aggressive. They are

generally not amenable to the evaluation of less aggressive tumors.
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3.3.2.2. Genetically Engineered Mouse Models (GEMMs)

To create GEMMs, specific oncogenes are expressed and/or tumor suppressors are inactivated in
vivo to transform cells and form tumors. One of the greatest merits of this model system is the
ability to evaluate the effects of specific molecular alterations down to the single gene level without
the complications of interactions with many other mutations often found in cell lines. Because
cells are transformed in vivo, it is possible to study tumor initiation and every other stage of tumor
development. Another major advantage of GEMMs is their ability to be created in

immunocompetent mice making evaluation of tumor-microenvironment interactions possible.

The first aspects to consider in generating GEMMs are the mode of delivery for the desired
molecular alterations, and the necessary restrictions to limit tumor formation to the desired
anatomical location. One method of delivery is propagation of tumor promoting alterations in
mouse lines with germline mutations. While some brain tumors like MB have mouse models with
germline mutations that form spontaneous tumors [201], no germline mouse models for DIPG
exist. Various approaches have, therefore, been adopted to introduce somatic mutations for in vivo

transformation.

One such approach is in utero electroporation whereby molecular alterations are introduced into
cells of the brainstem of mouse embryos using electrical currents [202]. An advantage of this
method is that altered genes are introduced early during brain development which better represents
the early developmental stage of pediatric brains. There is also no requirement for any specific
receptor expression on the recipient cells. Genes of interest are taken up by cells wherever the
electrical current is introduced. A disadvantage however, of in utero electroporation is that it is

very technically involved and challenging. Mouse embryos need to be surgically excised from
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their mothers, injected with plasmid DNA of the desired molecular alteration, electroporated, and
then returned into a mother for completion of gestation. This process requires great technical

expertise.

The replication competent avian sarcoma leukosis virus, long terminal repeat with splice
acceptor/tumor virus A (RCAS/tva) gene delivery system is an alternative, less technically
challenging, approach to introducing molecular alterations into mouse brains in vivo. RCAS is an
avian retrovirus that, for infection of cells, requires the tva receptor. This receptor is expressed on
avian cells but is absent from mammalian cells [203]. Mice can however, be genetically modified
to express the tva receptor under the control of tissue specific promoters such as Nestin, an
intermediate filament protein that is expressed in neural stem cells [204]. Virus producing avian
cells, such as the DF1 chicken fibroblast cells, can be injected directly into the neonatal brainstem
where the virus that they produce infects only tva expressing cells, integrates into the genome of
the host cells, and is expressed constitutively [203]. There is no viral production or cell to cell
spread between mammalian cells and this restricts the immune response in the mouse [203].
RCAS/tva requires less technical expertise than in utero electroporation because RCAS virus
injections are conducted postnatally. Multiple studies have evaluated DIPG molecular alterations
in RCAS/tva models of DIPG driven by expression of (platelet derived growth factor) PDGF A or

PDGF B with p53 or p16Ink/p14Arf loss [205-208].

Limitations of the RCAS/tva system are that vectors must remain below 2.5kb in size for effective
transduction and genomic integration. Further, because the viral vector integrates randomly into
the host genome, the location of integration can alter vector expression levels, and can also
influence expression of host genes if it interrupts regulatory elements [203]. Additionally, while

multiple vectors can be introduced simultaneously, transduction efficiency is inversely correlated
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to the number of vectors expressed. For example, if the transduction efficiency for one construct
is 20%, the probability of a single cell being successfully transduced by two or three constructs is
(0.2)? = 4% and (0.2)% = 0.8% respectively [203]. This severely limits the ability for forming

tumors with multiple alterations.

3.3.2.3 Syngeneic mouse models

Another potential in vivo DIPG model is the syngeneic mouse model. In this approach, mouse
tumor cells, such as those from GEMMs, can be transplanted into mice of the same genetic
background. Because the tumor cells can be manipulated in vitro before implantation, cells with
desired gene expression can be selected for and enriched, or tumor cells can be infected with
desired genes in vitro. Both interventions overcome the challenge of low transduction efficiency
of approaches such as RCAS models. Syngeneic mouse models further provide similar benefits to
both PDXs and GEMM:s. Like in PDXs, tumors formed are highly penetrant and uniform because
they are derived from a homogenous cell mix. Recipient mice can be immune competent because
they match the strains of donor mice, therefore, the effects of the immune microenvironment can

be evaluated like in GEMMs.

Faithful preclinical disease models are vital for investigating disease course, understanding
molecular alterations and their contributions to the disease, and for evaluating the efficacy of

agents for disease treatment.

3.4 DIPG drug target identification and verification

Using in vitro and in vivo models, we and others are actively evaluating the effects of the molecular

alterations identified in DIPG and investigating their potential as drug targets for the disease.
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3.4.1 PPM1D promotes DIPG and is a potential drug target

PPM1D mutations have been found in up to 25% of DIPG cases [52]. PPM1D is a PP2C-type
phosphatase that negatively regulates the DNA damage response pathway by direct
dephosphorylation of serine and threonine residues in proteins including p53, ATM, CHK1/2,
YyH2A. X, MDM2, and MDMX [80, 97-99]. PPM1D also regulates stem cells [80, 142, 158] and
immune cells [128-130]. PPM1D gene amplification and protein overexpression have been linked
to tumorigenesis in breast [120] and colorectal cancer [75] in adults, as well as medulloblastoma

(MB) in children [184] (see Chapter 1 for details).

In Chapter 2, we showed that truncating mutations in PPM1D augmented protein stability
compared to WT, and that mutated PPM1D increased the viability of murine and human DIPG
cells. We also found that PPM1D truncating mutations in patient derived DIPG cells reduced in
vivo survival and increased tumor proliferation when these cells were xenografted into the
brainstems of immunocompromised mice. PPM1D mutant cells were more sensitive to PPM1D
inhibition than WT cells, and both pharmacologic and genetic inhibition of PPM1D reduced in
vitro, ex vivo, and in vivo DIPG cell proliferation. PPM1D inhibition also increased survival of

mice xenografted with PPM1D mutant tumor cells.

Furthermore, we showed that PPM1D inhibition augmented the effects of IR on activation of the
DNA damage response by increasing activation of p53 and H2A.X as measured by S15 and S139
phosphorylation respectively. PPM1D inhibition also amplified IR effects on cell cycle S-phase

suppression and induction of apoptosis.

Most striking was that the effects of mutated PPM1D seemed independent of p53 activity. DIPG

VI-L513* cells have exogenous overexpression of truncated PPM1D in a context of endogenous



84

WT PPM1D and mutant TP53. These cells exhibit a higher proliferative index and reduced in vivo
tumor latency compared to parental DIPG VI cells which do not have truncated PPM1D
overexpression. These effects were abrogated by PPM1D inhibition as was the case in PPM1D
mutant, TP53 WT cells. This shows that PPM1D inhibition is a viable strategy for treatment of

PPM1D mutant DIPG irrespective of p53 mutation status.

3.4.2 Other DIPG drug targets

3.4.2.1 Targeting growth factor receptors

Activin receptor-like kinase-2 (ALK?2), the receptor serine/threonine kinase encoded by the
ACVR1 gene is a potential drug target for DIPG. ALK2 is a receptor in the bone morphogenic
pathway (BMP) and is mutated in up to 25% of DIPGs [181, 209]. ACVR1 mutations preferentially
co-occur with HIST1H3B mutations and lead to ligand independent activation of the BMP
pathway. While expression of ACVR1 and HIST1H3B mutations in RCAS/tva mouse models does
not form tumors, expressing the mutations increases the tumorigenesis of mouse DIPG driven by
PDGF A overexpression and TP53 knockdown. Inhibition of mutated ALK2 with BMP inhibitor
Noggin or small molecule LDN-212854 inhibits DIPG growth in vitro and increases in vivo
survival [208]. Two other distinct ALK2 inhibitors LDN-193189 and the pyridine LDN-214117
show selectivity for ACVR1 mutated human cell lines and can inhibit tumor growth of PDXs

[210]. All three of the above ALK2 inhibitors are BBB permeant in mice.

The most common target of focal amplification and most frequently altered receptor tyrosine
kinase (RTK) in human DIPG is PDGFRa [52, 63]. It is either focally amplified or mutated in
approximately 36% of DIPGs [207]. PDGFRa activates SH-domain containing proteins including

PI3K, RAS, and SRC resulting in activation of downstream pathways such as PI3K/AKT/mTOR
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and Ras/Raf/MEK/ERK which lead to increased proliferation and invasion of transformed cells
[211, 212]. Truffaux et al., showed growth and invasion inhibition in DIPG cultures following
treatment with Dasatinib, a drug that inhibits kinases including PDGFRa [213]. Initial clinical
trials with PDGFRa inhibition were unfortunately unsuccessful in eliciting survival benefits when
used alone or with anaplastic lymphoma kinase (ALK) or vascular endothelial growth factor

receptor 2 (VEGFR?2) inhibition (Table 3.1).

PDGFRa downstream signal transduction proteins PI3K, mTOR, MEK, and ERK have also been
investigated as drug targets for DIPG. PI3K pathway genes including PIK3CA, PIK3R1, RPTOR,
MTOR, and TSC2 are mutated in a total of about 24% of DIPGs [52]. In in vitro models, the dual
MTOR inhibitor TAK228 reduced tumor growth and increased sensitivity to radiation [214].
Additionally, combination of PI3K/AKT inhibitor Perifosine with MEK/ERK inhibitor Trametinib
synergistically reduced proliferation and increased apoptosis of DIPG cells [215]. However, single
agent PI3K/AKT inhibition with Perifosine did not prolong survival of PDGF B driven RCAS/tva
mouse models or increase sensitivity to radiation [205]. Nevertheless, a BBB penetrant
PI3BK/mTOR inhibitor GDC-0084 is in clinical trials for use after radiation (Table 3.1). A dual

AKT/ERK inhibitor ONC201 is also undergoing clinical trials for DIPG treatment (Table 3.1).



Table 3.1 Select DIPG clinical trials accessed from https://clinicaltrials.qov/ 2/20/2020

Molecular targets

NCT Number Drug Target

Completed

NCT01393912 Crenolanib PDGFRa

NCT00600054 Nimotuzumab EGFR

NCT01644773 Crizotinib and Dasatinib ALK and PDGFRa

NCT00996723 Vandetanib and Dasatinib VEGFR2 and PDGFRa

NCT01165333 Cilengitide af3 afs integrins

NCTO00890786 Bevacizumab VEGF

In Progress

NCT02644460 Abemaciclib CDK4/6

NCT04238819 Abemaciclib and Chemotherapy CDK4/6

NCT03709680 Palbociclib and Chemotherapy CDK4/6

NCT02607124 Ribociclib CDKA4/6

NCT03355794 Ribociclib and Everolimus CDK4/6 and mTOR

NCT03387020 Ribociclib and Everolimus CDK4/6 and mTOR

NCT01922076 Adavosertib (MK-1775) WEE1

NCT02233049 Erlotinib, Dasatinib and EGFR, PDGFRa, and mTOR
Everolimus

NCT03696355 GDC-0084 PI3K

NCT03416530 ONC201 AKT/ERK

NCT03598244 Savolitinib cMET



https://clinicaltrials.gov/
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NCT04250064 Bevacizumab VEGF
NCT01884740 Intraarterial Erbitux and EGFR and VEGF
Bevacizumab

Epigenetic

targets

NCT Number Drug Target

NCT03893487 Fimepinostat HDAC

NCT04264143 CED of MTX110 and gadolinium HDAC

NCT03566199 CED of MTX110 HDAC

NCT02717455 LBH589 (Panobinostat) HDAC

NCT00879437 Valproic Acid and Bevacizumab HDAC and VEGF

NCT02420613 Vorinostat and Temsirolimus HDAC and mTOR

NCT01189266 Vorinostat HDAC

NCT03605550 PTC596 BMI 1

Immunotherapy

NCT Number Biological Agent Intended Biological Activity

Completed

NCT03178032 Oncolytic Adenovirus, DNX-2401  Cell killing of Rb pathway deficient
cells

NCT01058850 aPD1, Rindopepimut Restoration of NK and cytotoxic T-
lymphocyte (CTL) activity

NCT00036569 Pegylated Interferon-a 2b Activation of immune cells

Suspended

NCT02960230 H3.3K27M Peptide Vaccine Killing of K27M expressing cells




In Progress
NCT04185038

NCT04196413
NCT03330197

NCT03389802

NCT03914768
NCT02750891
NCT03690869

NCT02444546

SCRI-CARB7H3 (B7-H3-Specific
CAR T Cell)

GD2 CART Cells
Ad-RTS-hIL-12 + Veledimex

APX005M (CD 40 monoclonal
antibody)

Dendritic Cell Vaccine
DSP-7888
REGN2810, aPD1

Wild-Type Reovirus with
Sargramostim (GM-CSF)

88

Cytotoxicity of B7TH3
overexpressing cells

Killing of GD2 overexpressing cells
IL 12 induction

Stimulation of immune cells

Tumor cytotoxicity
WT1 overexpressing cells killed
Restoration of NK and CTL activity

Cytotoxicity and Immune cell
stimulation

Initial clinical trials that inhibited signaling of the RTK epidermal growth factor (EGFR) with

Nimotuzumab, and those that inhibited angiogenesis by targeting vascular endothelial growth

factor (VEGF) with Bevacizumab, VEGF receptor 2 (VEGFR2) with Vandetanib, or af33 ap5

integrins with Cilengitide were unsuccessful. Nevertheless, both EFGR inhibition and anti-

angiogenesis are once again undergoing clinical trials for DIPG treatment. This time, EGFR

inhibitors are combined with PDGFRa and mTOR inhibitors, or administered together with VEGF

inhibitors directly into arteries in the brain to circumvent the BBB (Table 3.1).
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3.4.2.2 Cell cycle targets

Cyclin dependent kinase 4/6 (CDK4/6) when complexed with Cyclins D1, D2, and D3
phosphorylates the tumor suppressor retinoblastoma (Rb), relieving Rb’s inhibition of
transcription E2F [212]. E2F then promotes transcription of genes necessary for the S phase of the
cell cycle. About 30% of DIPGs harbor alterations in CDK4/6, the regulatory D cyclins, or p16,
an endogenous inhibitor of CDK4/6 [216]. Inhibition of CDK4/6 with small molecule Palbociclib
in primary human DIPG lines blocked G1 — S transition of the cell cycle and inhibited growth in
vitro [217]. Palbociclib also synergized with mTOR inhibition with Temsirolimus to cause cell
cycle arrest and inhibit DIPG cell clonogenicity [218]. Palbociclib is unfortunately not BBB
permeable. Nevertheless, alternative CDK4/6 inhibitors Ribociclib and Abemaciclib with similar
mechanisms of activity are under evaluation for safety and efficacy in clinical trials [212]. At least
five different clinical trials are running evaluating efficacy of CDK4/6 inhibition using Ribociclib
or Abemaciclib alone or with mTOR inhibition or chemotherapy (Table 3.1) Abemaciclib is BBB

permeable [212].

Pololike kinase (PKL1) regulates both entry into and exit from the M phase of the cell cycle by
phosphorylating CDK1/CyclinB and by activating the anaphase promoting complex (APC)
respectively [219]. PLK1 is overexpressed in many tumors including MB and sensitizes tumors to
the effects of radiation. In DIPG, PKL1 mRNA is more highly expressed in tumor tissue than in
non-tumor brainstem, and PKL1 inhibition using small molecule BI6727 reduced cellular
proliferation, increased cell cycle arrest, and sensitized cells to the effects of radiation in vitro

[219].
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Another DIPG drug target is the tyrosine kinase WEE1. WEEL inhibits G2 — M transition during
the cell cycle by phosphorylating and inactivating cell division control 2 (Cdc2) which together
with cyclin B, promotes cell cycle progression [220]. WEEL1 is activated by CHK1 in response to
DNA damage [220] and is more highly expressed in DIPG tumors than normal tissue. High WEE1
expression is associated with higher tumor grade [47, 221]. Inhibition of WEE1 with BBB
permeant MK-1775 promoted premature mitosis of cells with DNA damage and synergized with
IR to increase expression of YH2A.X and reduce survival in vitro and in vivo in PDXs [47, 221].

A clinical trial is currently evaluating WEE1 inhibition for the treatment of DIPG (Table 3.1)

3.4.2.3 Epigenetic modulators

H3K27M mutations in DIPG are very prevalent and cause epigenetic changes including global
loss of H3K27me3, global DNA hypomethylation, and increase in H3K27ac. These changes drive
pro-tumorigenic gene expression profiles [57, 58]. Epigenetic modulators have, therefore, been

tested as therapy for DIPG.

Because loss of H3K37 tri-methylation promotes DIPG tumorigenesis, it was hypothesized that
prevention of demethylation could reverse this tumor promoting phenotype. H3K27me3
demethylation is mediated by the Lysine-Specific demethylase 6 (KDM®6) subfamily of H3K27
demethylases JIMJD3 and UTX [222]. Inhibition of these histone demethylases by GSKJ4
increased levels of H3K27me2 and H3K27me3, repressed the S- phase of the cell cycle, reduced
viability, and increased apoptosis of DIPG in vitro models [222]. GSKJ4 also reduced expression
of double strand break (DSB) repair genes, increased expression of yYH2A.X and 53BP1 after
radiation, and increased in vivo survival of mice that were treated with the inhibitor and radiated

[223].
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Another epigenetic modulatory approach for DIPG treatment is the inhibition of histone
deacetylases (HDAC). Panobinostat, the multi-HDAC inhibitor was identified as an effective
inhibitor of DIPG cell growth in a chemical screen [224]. Panobinostat was also effective at
reducing tumor growth in vivo when administered through convection enhanced delivery (CED)
[224]. However, prolonged exposure to the drug resulted in resistance in cells and growth
inhibition could be reestablished when HDAC inhibition was combined with H3 demethylase

inhibition using GSKJ4 [224].

Clinical trials of HDAC inhibition with Panobinostat were run concurrent with preclinical studies
of HDAC inhibition. Initial clinical trials found high hematologic toxicity with peripheral
Panobinostat administration [225]. Follow up clinical trials are using MTX110, a formulation of
Panobinostat encapsulated in a gold nanoparticle. MTX110 is administered directly into the brain
through CED (Table 3.1). Three other HDAC inhibitors Fimepinostat, VVorinostat, and Valproic
acid are also in clinical trials. Valproic acid is a repurposed anti-epileptic drug that is BBB
permeable but did not enhance in vivo response to DNA damaging agents, radiation, or H3
demethylation [225]. This is likely because doses used in the clinical trial were based on Valproic
acid’s anti-epileptic activity rather than its HDAC activity [225]. More studies are needed to

evaluate Valproic acid’s in vivo activity.

The repressive trimethyl mark is added onto H3K27 by the polycomb repressive complex 2
(PRC2) which consists of EZH2, SUZ12, and EED. In H3K27M tumors, residual PRC2 activity
is necessary for proliferation [226]. Some loci including CDKN2A, which encodes
pl6INK4a/p14ARF, maintain H3K27me3 and low gene expression even with global
hypomethylation across the genome [226]. Inhibition of EZH2, the catalytic subunit of PRC2,

with small molecules GSK 343 and EPZ6438 reduced tumor growth by re-expressing p16INK4a
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in mouse neural stem cells and human DIPG cells. Furthermore, deletion of EZH2 prolonged in
vivo survival [226]. Studies in an RCAS/tva model of DIPG similarly showed increased
methylation and repression of the CDKN2A locus, but did not show efficacy of EZH2 inhibitors

for p161NK4a re-expression [206].

When epigenetic dysregulation occurs, transcriptional activity mediated by the RNA polymerase
Il complex (RNAP 1) is also altered [58]. Regulators of RNAP Il have therefore been assessed for
anti-DIPG activity. These regulators include bromodomain and extra-terminal motif (BET)
proteins such as Bromodomain-containing protein 4 (BRD4) which read histone acetylation marks
and activate RNAP I1. Another regulator is CDK7 which phosphorylates RNAP 11 and controls
transcriptional initiation, pausing, and elongation of the polymerase [227]. Inhibition of BRD4
with pan BET inhibitor JQ1 or inhibition of CDK7 with THZ inhibits DIPG cell growth in vivo
and cooperates with HDAC inhibition [227, 228]. Interestingly, cells that are resistant to HDAC
inhibition with panobinostat are also resistant to inhibition by JQ1 but not THZ [227]. BET

inhibition also cooperates with EZH2 inhibition [229].

While the PRC2 is the effector of H3K27me3, the PRC1 complex is also involved in DIPG
tumorigenesis. PRC1 recognizes H3K27me3 and together with PRC2 effects gene repression.
BMII1 is a subunit of the PRC1 which stimulates the complex’s E3 ligase activity [230] and is
overexpressed in DIPG [51, 231]. When DIPG cells were treated with BMI1 inhibitor PTC-209
alone [51, 231], or with PDGFRA inhibition, their viability was diminished [51]. Inhibition of
BMI1 also increased radiosensitivity of DIPG cells [231]. The BMI1 inhibitor PTC-596 is in

clinical trials for DIPG treatment (Table 3.1).
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3.4.2.4 Immune modulators

Immunotherapy, the modulation of the immune system to elicit anti-tumor effects is an emerging
therapeutic approach in many cancers including pediatric tumors [232]. The only preclinical
studies of immune modulators in DIPG used chimeric antigen receptor (CAR) T-cells targeting
B7H3 or GD2 [233, 234]. B7H3 is an immune checkpoint protein that is highly expressed in many
solid tumors including DIPG, and high expression of B7H3 has been associated with immune
evasion, increased metastasis, and a poor prognosis [233, 235]. Exposure of DIPG cells to B7H3-
CAR-T-cells increased expression of interferon y (INFy), tumor necrosis factor a (TNFa), and
interleukin 12 (IL2), immune molecules which promote immune cell activity and tumor cell death
[233]. Even though B7H3-CAR-T-cells were not tested in vivo in DIPG models, they are likely to
be effective in vivo because of their in vitro activity and because they can cross BBB as evident in
MB mouse models [233]. SCRI-CARB7H3, a B7H3-CAR-T-cell is presently undergoing clinical

trials for DIPG treatment (Table 3.1).

GD2 is a disialoganglioside that is highly expressed in H3K27M DIPG [234]. GD2 targeting CAR-
T-cells have been found to be safe and effective in clinical trials of neuroblastoma [236]. In PDX
models of DIPG, GD2-CAR-T-cells effectively eliminated tumors and were mostly well tolerated
[234]. In a few mice however, inflammation during tumor elimination caused fatal hydrocephalus.
Clinical trials of G2 targeted CAR-T-cells are underway (Table 3.1). Careful monitoring for

inflammation toxicity will be necessary throughout the trial.

Other immune modulators under clinical investigation for DIPG treatment include stereotactically
injected viral vector Ad-RTS-hIL-12 + Veledimex which induces IL12 expression (Table 3.1).

IL12 is a cytokine that induces INFy production by natural killer (NK) cells, CD4+, and CD8+ T-
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cells leading to increased major histocompatibility complex 1 (MHC1) expression on tumor cells
[237]. This increases T-cell cytotoxicity towards the tumor cells. INFy also promotes macrophage
phenotypic transition from pro-tumorigenic M2 to anti-tumorigenic M1, and increases T-cell
recruitment to the tumor site [237]. Administration IL12 should however, be transient as INFy can
also induce immune checkpoint activation by promoting expression of programmed cell death

protein ligand 1 (PD-L1) [237].

CD40 is a TNF family receptor expressed on antigen presenting cells (APC) including
macrophages and dendritic cells. Activation of CD40 on these cells can stimulate their activation
of T-cells and subsequent anti-tumor activity [238]. APX005M is a CD40 monoclonal antibody
that is an agonist for CD40 on macrophages and dendritic cells. APX005M has shown increased
T-cell activation in human studies [238]. Clinical investigation of APX005M in DIPG is ongoing

(Table 3.1).

Immune modulation using various vaccines is also being attempted for DIPG treatment. Dendritic
cell (DC) vaccines are made by exposing DCs, the most potent APCs, to antigens from tumor
lysates exogenously. The DC are then reintroduced into the body where they can activate cytotoxic
T-cells through antigen presentation [239]. Another vaccine DSP-7888, is a Wilms tumor 1 (WT1)
peptide which targets cells with high expression of WT1 for immune mediated death [240]. WT1
is highly expressed in DIPG [241]. An H3K27M peptide vaccine was also in clinical trials but was
recently temporarily suspended (Table 3.1). All these vaccines are used in the hope that they will

activate cell killing of tumors by immune cells.

Finally, clinical trials are in progress for checkpoint inhibition using REGN2810, an aPDI

antibody. REGN2810 prevents natural killer (NK) and cytotoxic T-lymphocyte (CTL) exhaustion
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by neutralizing PD1 and preventing its binding to PDL1. Other trials are testing the efficacy of
cytotoxic reovirus used in conjunction with immune stimulant Sargramostim (GM-CSF) (Table

3.1).

The number of preclinical studies investigating DIPG therapy has increased with the advent of
DIPG molecular characterization. Many of the agents that have shown preclinical efficacy have
moved to clinical trials. It is yet to be seen whether any clinical trials will reveal agents that elicit

responses superior to those of radiation.

3.4.4 Possible PPM1D interactions with other DIPG therapeutic targets

Because DIPG tumors are heterogenous, and because of the documented acquired resistance to
some inhibitors [224], treatment of DIPG will likely require multimodal therapy. PPM1D
intersects with many pathways that are targets for DIPG therapy. Thus, PPM1D inhibition may be

a beneficial addition to treatments targeting other pathways.

The first such cooperation is between PPM1D inhibition and radiation. In Chapter 2, we show that
PPM1D enhances the effects of IR on activation of the DNA damage response (DDR), reduction
of cell growth, and increase of apoptosis. Like PPM1D inhibitors, H3 demethylase inhibitors and
BMI1 inhibitors sensitize DIPG cells to the effects of radiation [223, 231]. Combining inhibition
of PPM1D with radiation and with inhibition of these epigenetic modulators may, therefore, lead

to greater therapeutic response in DIPG.

DIPG is characterized by chromatin altering H3K27M mutations. The mutations lead to
dysregulated gene expression resulting from global H3K27 hypomethylation, some focal increases

in promoter methylation, focal increase in H3K27ac, as well as reductions in DNA methylation
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[58]. H3K27me3 is added by EZH2 and removed by H3 demethylases. Because a single H3
molecule cannot be trimethylated and acetylated at the same time, H3K27ac must be removed
before H3K27me3 can be added. H3K27ac is removed by HDACs. Recent studies have identified
PPM1D mutations as positive regulators of histone methylation, promoter DNA methylation, and
gene repression of some loci [123]. This suggests a still unknown modulation of histone
methyltransferase, HDAC, and H3 demethylase activity by PPM1D. Furthermore, both EZH2 and
PPM1D inhibit pl6 ARF expression [101, 226]. Itis possible that inhibiting PPM1D may cooperate

with inhibition of these histone writers and erasers in DIPG treatment.

PDGFRa when activated phosphorylates itself and activates downstream proteins including PI3K
[242]. PI3K in turn activates AKT which promotes cellular proliferation and survival. PPM1D and
AKT act on many of the same targets with distinct approaches leading to complementary results.
Both proteins lead to cell cycle checkpoint impairment, increased proliferation, and promotion of
cellular survival. For example, both PPM1D and AKT inhibit p27Kipl, PPM1D by direct
dephosphorylation of p27Kipl S140 [110] and AKT by transcriptional repression of the CDKN1B
locus which encodes p27Kip1 [243]. Another downstream target of both PPM1D and AKT activity
is p21 which is inhibited by AKT-dependent phosphorylation at T145 [243] and transcriptional
repression by PPM 1D through the phosphatase’s inhibition of p53 activity [96]. Inhibition of either
p27 or p21 impairs the G1 checkpoint. AKT further impairs cell cycle checkpoints by addition of
an inhibitory phosphorylation at S280 on CHK1 [243]. PPM1D similarly deactivates CHK1 by
removing the activating phosphorylation at S345 on the kinase [96]. Finally, both AKT and
PPM1D enhance the activity of p53 inhibitor MDM2. AKT promotes MDM2 nuclear translocation
by phosphorylation at S166 and S186 [243] while PPM1D promotes MDM2 stability by

dephosphorylation at S395 [98]. Both events lead to greater inhibition of p53 and its regulation of
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cell cycle arrest and cell death. In addition, AKT positively regulates PPM1D expression through
NFkB [243]. The above examples show complementary mechanisms of mutated PPM1D activity
and PDGFRa signaling through AKT activation (schematic in Fig 3.1). These mechanisms could
potentially result in cooperation between PPM1D and PDGFR signaling and synergistic effects

when the pathways are inhibited together.

PDGFRa
o e \

KEY

—— Activating phosphorylation

--------- » Indirect activating phosphorylation
— Activating dephosphorylation
—— Transcriptional activation

Impaired cell cycle checkpoint
Increased proliferation
Reduced apoptosis

— Deactivating phosphorylation
— Deactivating dephosphorylation
— Transcriptional deactivation

Figure 3.1. PPM1D and PDGFRa regulate many of the same targets in distinct but
complementary ways.



98

The effects of PPM1D activity on the immunogenicity of tumor cells have not been evaluated.
However, it is known that PPM1D negatively regulates activity of NFkB which controls
expression of many inflammatory factors including proinflammatory TNFa [244]. It is also known
that MHC1 expression is positively regulated by p53 [245]. Because PPM1D inhibits both NFkB

and p53, it may promote immune escape by lowering expression of TNFa and MHCI.

3.5 Conclusions

Molecular characterization of DIPG has enabled identification of therapeutic targets in preclinical
models. ldentified targets include PPM1D, RTK PDGFRa and its downstream effectors
PIBK/AKT/mTOR, and RAS/RAF/MEK/ERK. Other targets are cell cycle regulators, epigenetic
modulators, and activators of immune cell function. Some of these targets are undergoing clinical
investigation in a search for effective DIPG treatments which will improve the prognosis of this

almost uniformly fatal pediatric tumor.
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