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Abstract

Retinoblastoma is a rare childhood cancer of the developing retina, and studies on this orphan
disease have led to fundamental discoveries in cancer biology. Retinoblastoma has also emerged as
a model for translational research for pediatric solid tumors, which is particularly important as
personalized medicine expands in oncology. Research on retinoblastomas has been combined with
the exploration of retinal development and retinal degeneration to advance a new model of cell
type—specific disease susceptibility termed ‘cellular pliancy’. The concept can even be extended to
species-specific regeneration. This review discusses the remarkable path of retinoblastoma
research and how it has shaped the most current efforts in basic, translational, and clinical research
in oncology and beyond.
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Early Landmark Discoveries in Retinoblastoma Cancer Biology

Retinoblastoma is a rare childhood cancer of the developing retina, begins during fetal
development and is diagnosed at birth or during early childhood [1]. The first sign is often
an abnormal white reflection in the eye called leukocoria. In developed countries, most
children survive retinoblastoma because it is detected before it metastasizes and the eye can
be removed if the tumor is not responding to treatment. The goal of retinoblastoma treatment
in developed countries is to save eyes and functional vision. In developing countries,
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approximately half of the children who are diagnosed with retinoblastoma still die of the
disease. In those regions, the goal of therapy is to diagnose the tumor early enough to save
the child’s life save eyes and vision in children with early stage disease. With only 300 cases
in the United States (US) and 5-10,000 cases worldwide reported annually [2], prospective
clinical trials for patients with retinoblastoma pose a challenge. Despite the rarity of
retinoblastoma cases, many landmark discoveries have been made by studying this cancer
because of several reasons. First, retinoblastoma exhibits little molecular or cellular
heterogeneity across patients and is thus ideal for studying fundamental principles of human
cancer genetics and biology[3-5]. Second, retinoblastoma is easy to detect, and long before
researchers had access to sophisticated diagnostic imaging tools, they could identify patients
with retinoblastoma and monitor disease progression. Third, retinoblastoma is one of the
earliest diagnosed cancers, making it ideal for studying cancer genetics, because the
inheritance pattern of disease susceptibility mutations can be established in early childhood
[1]. Finally, there is little evidence of environmental factors associated with retinoblastoma,
making it easier to identify its molecular and cellular origins.

The first human tumor suppressor gene /81 was identified by studying the genomes of
children with inherited retinoblastoma [6, 7]. These data provided genetic validation of
Knudson’s two-hit hypothesis (see Glossary) for the initiation of cancer by inactivation of
tumor suppressors [8]. Also, some initial attempts to model cancer in genetically engineered
mouse models (GEMM) were focused on retinoblastoma, because nearly all retinoblastoma
patients present biallelic inactivation of #B1[9, 10]. Interestingly, mice with a germline
mutation in /261 do not develop retinoblastoma, and even biallelic inactivation fails to
produce retinal tumors [11-13]. Subsequent work has also demonstrated the intrinsic
species-specific genetic compensation and redundancy of Rb family members p107 and
p130 in preventing retinoblastoma formation [13-18].

In this review, | will present an update on what we have learned about the genomics of
retinoblastoma since those early landmark discoveries. In addition, efforts to advance our
understanding of retinoblastoma biology have led to the development of some of the first
orthotopic patient derived xenografts (O-PDXs) and I discuss how preclinical testing using
those models has improved outcomes for patients with retinoblastoma. This approach has
now been extended to all pediatric solid tumors in a large-scale effort to validate ‘druggable’
mutations for personalized medicine in children with cancer. Finally, studies on the biology
of retinal development, retinoblastoma and retinal degeneration have led to new insights into
cell-type specific susceptibility to malignant transformation and degeneration. I outline a
new model to explain why some cells are intrinsically more susceptible to malignant
transformation and others are more susceptible to degeneration.

GEMMS, Chromothripsis and Orthotopic Patient-derived Xenografts

Since these early discoveries, retinoblastoma has continued to provide new insights into
cancer biology. Retinoblastoma was the first pediatric solid tumor grown as an orthotopic
patient-derived xenografts (O-PDXs), retaining molecular, cellular, and genetic features of a
patient’s tumor [3]. As shown in Figure 1, retinoblastoma O-PDX tumors grow as a
disorganized mass with intercellular regions of neuronal plexus reflecting their retinal
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origins. This finding was important because, contrary to established dogma in the field,
studies using O-PDX showed that retinoblastomas have remarkably stable genomes [3].
Another important recent advance in cancer genetics has been the discovery of
chromothripsis contributing to retinoblastoma initiation through inactivation of RBZ in
humans [5]. Chromothripsis was first described by Stratton’s group as the shattering of a
chromosome [19], and recently, Pellman’s group suggested that its underlying mechanism
involved uncoupled DNA replication in micronuclei [20]. Inactivation of RB1 by
chromothripsis in retinoblastoma was the first example of this process contributing to tumor
initiation [5]. Subsequent studies demonstrated that epigenetic deregulation of genes such as
SYK could contribute to tumor progression after £B1 inactivation [3]. Specifically, in
human retina, the SYK gene is not normally expressed but following RBI inactivation it is
epigenetically deregulated and expressed at high levels [3]. SYK protein expression is
required in retinoblastoma to prevent programmed cell death through MCL1 [3]. This
discovery provided an important mechanistic explanation as to why retinoblastomas
progress very quickly after /B inactivation. In particular, there are widespread epigenomic
changes that lead to changes in cancer gene expression such as SYK'that result from the loss
of the RB1 protein. Unlike other types of tumors that rely on sequential accumulation of
genetic lesions that alter cancer gene expression, loss of RB1 in retinoblastoma leads to
rapid expression changes because the underlying mechanism is epigenetic. It also provided
the impetus for many other studies to begin determining how epigenetics contribute to tumor
progression in pediatric cancers, as in the case of rhabdoid tumors and diffuse intrinsic
pontine gliomas. Also, retinoblastoma was the first example of a cross-species comparison
of O-PDXs and GEMMs reporting fundamental species-specific differences in their
epigenomes [4]. For example, contrary to human tumors, SYK was not found to be
epigenetically deregulated in murine retinoblastomas [4]. These findings were instrumental
in shifting away from GEMMs for preclinical testing of pediatric solid tumors. Although
GEMMs are still useful for testing genetic hypotheses and elucidating fundamental
biological processes, O-PDX models are better suited by providing translational relevance
for new putative therapies to treat pediatric solid tumors [21].

Retinoblastoma: A Model for Translational Research

In the US, most prospective clinical trials on retinoblastoma are conducted by St. Jude
Children’s Research Hospital (St. Jude) or by Children’s Oncology Group (COG). A typical
phase I clinical trial for retinoblastoma takes 3—4 years, depending on the trial’s objectives
[22-24]. Therefore, the treatment regimen that is selected to move into clinical trials must
first be carefully vetted in the laboratory to increase the likelihood of improving patient
outcome [25]. Figure 2 provides an example of the workflow for preclinical studies to
support a clinical trial. Moreover, careful monitoring during treatment and long-term follow
up is essential to identifying therapy-related late effects [26, 27]. Comprehensive preclinical
testing and validation necessitate a strong investment in preclinical studies not just for
retinoblastoma, but also for other childhood cancers, as well as orphan diseases in adults
[28].

Clearly, there is limited investment from pharmaceutical companies to develop drugs for rare
childhood cancers. Instead, therapies developed for large markets are repurposed for orphan
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diseases, including childhood cancer. Although there are currently incentives for
pharmaceutical companies to identify pediatric indications for their cancer drugs, they often
lack the expertise or infrastructure to properly test preclinical efficacy. Another major
limitation is the lack of validated and predictive preclinical models of pediatric cancer.

With the stakes so high for pediatric cancer in general and retinoblastoma in particular, it is
critical to establish the scientific justification and translational relevance for a regimen
before moving it into the clinic [28]. To establish scientific justification, investigators need
to demonstrate that the therapeutic regimen targets a bona fide tumor vulnerability necessary
for tumorigenesis. Investigators are often misled by recurrent pathway perturbations or
biomarkers that play little or no role in tumorigenesis. Importantly, tumor vulnerabilities are
not necessarily genetic; there are few ‘druggable’ mutations that could be targeted in
pediatric solid tumors, and none in retinoblastoma [28]. More often, tumor vulnerabilities
result from a combination of intrinsic factors and the tumor microenvironment. Therefore, if
a mutation or pathway perturbation is shown through genetic and other methods to be
required for tumorigenesis, it is considered scientifically justified [28].

For the few scientifically justified tumor vulnerabilities identified in retinoblastoma or other
pediatric solid tumors, clinical trials should be initiated only after establishing translational
relevance [28]. /n vivotumor studies in preclinical models do not necessarily prove
translational relevance. Many animal studies are performed at drug doses and schedules not
tolerable by patients. Translational researchers should also consider the current standard of
care, randomization, and statistical design. To standardize preclinical testing for pediatric
solid tumors, we developed a comprehensive preclinical testing paradigm that incorporates
preclinical phase I, I, and 111 trials (Figure 2) and provides sufficient translational relevance
for scientifically justified therapeutic regimens [28, 29]. Importantly, the efficacy of new
treatment regimens is compared to the corresponding standard of care as a baseline for
response. This approach has been successful for retinoblastoma and is being extended to
other pediatric solid tumors [29].

Improving Outcomes for Children with Retinoblastoma

In the past years, 2 major therapeutic trials for retinoblastoma have been conducted:
administration of intra-arterial (IA) melphalan by the COG (Clinicaltrials.gov identifier:
NCT02097134) and combined administration of systemic topotecan with local ocular
delivery of carboplatin by St. Jude (NCT01783535, NCT00186888). The scientific
justification and translational relevance of 1A melphalan have not been established. The only
preclinical studies on A melphalan were performed in non-human primates, which revealed
significant toxicities (e.g., ophthalmic artery thrombosis, choroidal atrophy, and retinal
vasculopathy)[30-32]. Owing to conflicting reports from retinoblastoma treatment centers
on the safety and efficacy of IA melphalan, the COG trial was designed to document and
determine the safety of administering 1A melphalan.

In contrast to A melphalan, the carboplatin—topotecan combination exploits unique
vulnerabilities of retinoblastoma in the intraocular environment. First, retinoblastomas grow
in a hypoxic environment (Figure 1), and, combined with their metabolic demands, present
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high levels of oxidative stress[3, 4, 33-35]. This can lead to DNA lesions that can slow down
DNA replication. Carboplatin causes intercalation of platinum into the DNA of
retinoblastoma cells, further exacerbating the DNA replication defects leading to replicative
stress [36]. In addition, the p53 pathway is intact in retinoblastoma but kept in check by
increased levels of MDM4, a p53 antagonist [21, 37-40]. Importantly, suppression of the
p53 pathway by MDM4 can be overcome by inducing DNA breaks in retinoblastoma cells,
which leads to p53-mediated cell death [37, 41]. Although ionizing radiation is very
effective for retinoblastoma, damage to surrounding tissues remains a major complication
[1]. Therefore, topotecan, which induces DNA breaks and overcomes MDM4 suppression of
p53, has been tested in combination with carboplatin. This combination efficiently kills
retinoblastoma cells and has a synergistic action when combined with carboplatin[40]. Next,
a comprehensive series of preclinical studies was performed to establish the translational
relevance of topotecan—carboplatin combination therapy for retinoblastoma[40]. The
pharmacokinetics, dose, route, and schedule of each drug were studied to increase the
likelihood of clinical success [41, 42].

As the 1A mephalan and topotecan—carboplatin trials have moved forward, many predictions
from preclinical testing have been validated in patients. The topotecan—carboplatin
combination appears to remarkably improve ocular survival and vision preservation in
children with very advanced retinoblastoma, a significant step forward in recent years
(Brennan et al.). Unfortunately, ocular toxicities seen in preclinical trials of 1A melphalan in
non-human primates have also been reported in human patients [30-32, 43, 44]. Further, the
incidence of grade 3/4 neutropenia in patients receiving A melphalan suggests that 1A
administration of mephalan might not be very beneficial in reducing systemic exposure to
this potent alkylating agent [45].

Accelerating Discovery in Pediatric Solid Tumors

Over the past 5 years, large-scale efforts have been launched to replicate the success of the
retinoblastoma program in establishing scientific justification and translational relevance for
a novel therapeutic approach to other pediatric solid tumors[46, 47]. The outcomes of
children with solid tumors have not significantly ameliorated over the past 2 decades [48].
The introduction of next-generation sequencing in cancer research has substantially
improved our knowledge of the genomic landscapes of diverse pediatric cancers [49].
However, a gene mutation alone cannot provide scientific justification or translational
relevance for a therapeutic regimen. Moreover, very few mutations in pediatric solid tumors
are considered ‘druggable’, even by the most generous criteria used in clinical genomic
studies [50, 51]. To overcome this major barrier in identifying novel therapeutic
combinations for pediatric solid tumors, examples from basic research were drawn to
validate preclinical models of retinoblastoma and provide scientific justification and
translational relevance for other pediatric solid tumors.

To engage leading basic scientists worldwide in pediatric solid tumor research and improve
the quality of preclinical models, we established a protocol (NCT01050296) to develop O-
PDXs from pediatric solid tumor patients at St. Jude [47]. To date, more than 250 patients
have consented to the protocol, and we have established O-PDXs from more than 80 tumors,
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including some very rare types. The O-PDXs have been extensively characterized by whole-
genome and exome sequencing, RNA-sequencing, whole-genome bisulfite sequencing, and
epigenetic profiling by ChIP-sequencing for histone marks and components of the
transcriptional machinery. Histologic and subcellular features have been validated by
electron microscopy, and clonal analysis of O-PDX models relative to patient tumors has
been performed. Novel high-throughput screening methods for these tumors as primary
cultures have allowed the exploration of their drug sensitivities in relation to genomic or
cellular features. O-PDX models are ideal for /n vivotranslational studies, because they
represent diverse tumor subtypes and tend to be aggressive and invasive. All models and data
are shared freely with researchers, with no obligation to collaborate through the Childhood
Solid Tumor Network (http://www.stjude.org/CSTN)[47].

With these models and data in hand, how do we identify novel therapeutic combinations to
move into clinical trials? This is particularly challenging given that few mutations in
pediatric solid tumors directly indicate deregulated pathways that can be interfered with by
molecular targeted therapy. Another concern is how efficacy in preclinical models relates to
that in patients. Does a small extension in survival in preclinical models translate to an
improvement in patient outcomes? Even if there is a dramatic initial response with a novel
therapy, tumor cells might acquire resistance to therapy. One approach is to identify
vulnerable pathways and combine drugs that target that pathway to induce synthetic
lethality. Apart from retinoblastoma, the best example of synthetic lethality in pediatric solid
tumors is the use of poly ADP ribose polymerase (PARP) inhibitors in combination with
irinotecan and temozolomide for Ewing sarcoma [29].

Ewing sarcoma cells express high levels of SLFN11 and PARP1, which make them sensitive
to PARP inhibitors in combination with irinotecan and temozolomide. These cells have
defects in DNA repair and might exhibit a cellular phenotype that resembles (breast cancer)
BRCA deficiency [29], even though BRCA1/2 genes are wild type in Ewing sarcoma cells
[52]. BRCA deficieny leads to a defect in DNA repair which can be exploited by combining
PARP inhibitors with chemotherapeutic agents that cause DNA damage such as irinotecan
and temozolomide. Importantly, preclinical phase 1, 11, and Il studies have shown that these
therapeutic combinations can be tolerated at clinically relevant doses and schedules to cure
disease in O-PDXs [29]. Cure is defined as the absence of any detectable tumor at the end of
treatment and several months after the completion of therapy in preclinical models [29].
Currently, 2 ongoing trials (NCT02392793, NCT01858168) are testing these novel regimens
for Ewing sarcoma. This is one of the many examples of how the Childhood Solid Tumor
Network (CSTN) has accelerated discovery in pediatric solid tumors and established a
benchmark for moving novel combinations into the clinic. However, despite these advances
in our understanding of retinoblastoma biology and treatment and the extension to other
pediatric solid tumors, we still understand very little about why some cell types and some
tissues are more susceptible to disease than others.

Cellular Pliancy: a Unified Framework for Disease Susceptibility

The impact of retinoblastoma research extends beyond cancer biology and translational
research. A long-held belief in developmental neurobiology is that neurons cannot divide to
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produce more neurons once they have differentiated. While studying retinae from a series of
mouse strains lacking different combinations of the Rb family of proteins (Rb, p107 and
p130) [11, 53-55], mature horizontal neurons were discovered to re-enter the cell cycle and
clonally divide while maintaining their differentiated features such as neurites and synaptic
connections[54]. If left unchecked, the proliferating horizontal neurons formed aggressive,
invasive retinoblastomas [54]. In addition, the tumor cells displayed all the features of
differentiated horizontal neurons including neurites, synaptic vesicles and synaptic densities
[54].

Not only did this discovery challenge the dogma in neuroscience that postmitotic
differentiated neurons cannot divide, but it also created a new paradigm for understanding
why some cell types are more susceptible to cell death and degeneration while others are
more susceptible to cell cycle re-entry and malignant transformation. Importantly, these two
cellular properties (susceptibility to cell death and susceptibility to cell cycle re-entry) are
inversely correlated. For example, rod photoreceptors are highly prone to undergo cell death
following stress but are virtually impossible to push back into the cell cycle. In contrast,
horizontal neurons can be pushed back into the cell cycle but rarely undergo cell death
(Figure 3) [56]. The differential susceptibility to cell death or cell-cycle re-entry is
conserved across species but most of the experimental manipulations were performed using
genetically engineered mouse models. While rods and horizontal neurons appear to be two
extreme examples of the interplay between susceptibility to cell cycle re-entry and cell
death, by studying such examples we hope to elucidate more generally the underlying
biological mechanisms of cell type specific susceptibility to degeneration or malignant
transformation.

The property of cells to confer susceptibility to either death or cell cycle re-entry has been
termed cellular pliancy (Box 1) [56]. Cells that are more prone to degeneration, such as rods,
have pliancy as they are less able to respond to extrinsic or intrinsic perturbations in
homeostasis such as oxidative stress. In contrast, cells with high pliancy are more adaptable
to such changes, making them maore resistant to programmed cell death or necrosis, but this
state may also confers susceptibility to acquiring oncogenic lesions because they can survive
long enough to acquire all the hallmarks of cancer [57]. We propose that one underlying
mechanism of cellular pliancy is the organization of the epigenome (Figure 3). As neurons
in the retina undergo cell fate specification, they reorganize their epigenome to support
retinal differentiation and cellular homeostasis [58, 59]. Clearly, the genes that are expressed
in the differentiating neurons are in an active chromatin state. However, the genes that are
not actively expressed are then organized into permissive or repressed epigenetic states. If a
gene that is required for response to cellular stress or an oncogenic lesion is in a repressed
epigenetic state, this may make a cell more prone to cell death or transformation,
respectively.

Box 1
Cellular Pliancy Model

Cellular pliancy refers to an intrinsic property of cells contributing to their specific
susceptibility to malignant transformation or degeneration. One underlying mechanism of
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cellular pliancy is the organization of the epigenome: Some genes are organized into an
accessible epigenetic state and others in an inaccessible epigenetic state in differentiated
neurons. If a neuron encounters stress and a gene that is required to respond to that stress
is sequestered in an inactive epigenetic state, it will be less likely to survive that stress. If
a cell sustains an oncogenic mutation and a tumor suppressor that is needed to prevent
malignant transformation is in an inaccessible epigenetic state, it may be more likely to
become a tumor.

The simplest model to explain cellular pliancy is that as cells activate differentiation genes
and turn off progenitor genes during development, they must also decide the fate of all other
genes in the genome that are not directly required for differentiation or homeostasis. Some
of these genes will be retained in an epigenetic state (H3K4mel,2,3;H3K36me3, H3K20Ac,
H3K27Ac) and nuclear locale that make them accessible, whereas others will be sequestered
in an inaccessible state (H3K27me3, H4K20me3, H3K9me3) [60]. In Figure 4, the 3
different chromatin domains (constitutive heterochromatin, facultative heterochromatin and
euchromatin) of rod nuclei are visualized and measured using 3-dimensional electron
microscopy (Figure 4A,B). The enrichment of particular histone modification to the 3
domains of the rod nuclei has been previously mapped [60] and individual genes can be
localized within the nucleus using fluorescence in situ hybridization (Figure 4C,D).
According to the pliancy model, the distribution of genes into accessible and inaccessible
chromatin domains and nuclear regions are cell type-specific and ongoing studies are
currently validating this model.

Although it is possible to describe the 2-dimensional epigenetic state of particular genes and
their location within the 3-dimensional (3D) confines of the nucleus for individual neuronal
classes, it is much more difficult to measure cellular pliancy. To compare cellular pliancy
across neuronal classes at different stages of development, a system for cellular
reprogramming was developed based on the rationale that the major barrier to cellular
reprogramming involves epigenetic and organizational changes in the epigenome, which
significantly impact cellular pliancy [61]. Therefore, the model is based on the premise that
cells with low pliancy would be more difficult to reprogram than cells with high pliancy. For
quantitative cellular reprogramming of individual neuronal classes, a series of genetically
engineered mouse strains were developed which harbored a doxycycline-inducible cassette
containing 4 reprogramming Yamanaka factors (Oct3/4, Myc, KIf4, and Sox2) and cell
type—specific GFP reporter transgenes [61]. Individual retinal neuron types were
subsequently purified by fluorescence activated cell sorting, and reprogramming was
induced by adding doxycycline. Reprogramming was carried out in mosaic pellets (a
mixture of wild type retinal cells and reprogrammable neurons) to ensure that neurons could
survive for the 10-14 days when undergoing reprogramming, after which individual induced
pluripotent stem cells (iPSCs) were cloned and characterized [61]. By performing the initial
reprogramming and subsequent plating in limiting dilution assays, the efficiency of
reprogramming could be quantitated. Pending further validation, data suggest that mature
rods are more difficult to reprogram while immature rods are more efficiently
reprogrammed. Rods also appear to be substantially more difficult to reprogram than
horizontal neurons, consistent with our hypothesis of cellular pliancy; namely, that cells with
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low pliancy (rods) would be more difficult to reprogram than cells with high pliancy
(horizontal neurons).

Interestingly, cells with low pliancy that were more difficult to reprogram were more likely
to retain epigenetic memory as measured by their ability to produce retina [61]. As shown in
Figure 5, we have developed a quantitative system called ‘Standard Transmission Electron
Microscopy — Retinae’ (STEM-RET) for scoring retinal differentiation from stem cells (SC),
which is critical for comparing across different stem cell lines [61]. Although pending
further validation, preliminary data using the STEM-RET scoring method suggest that rod-
derived iPSCs are more likely to retain epigenetic memory and produce retina more
efficiently than horizontal neuron-derived iPSCs. This is encouraging because it might
indicate that this type of cellular reprogramming assay can function as a reasonable measure
of cellular pliancy. In addition, the underlying epigenetic factors that contribute to cellular
pliancy may be elucidated by profiling the epigenome of iPSCs derived from differentiated
neurons.

Species-Specific Differences in Cellular Pliancy and Retinal Regeneration

During retinal development, retinal progenitor cells undergo unidirectional changes in their
competence to produce the 7 major classes of cell types in an evolutionarily conserved birth
order. Proliferation and differentiation during retinal development must be precisely
coordinated to ensure that each cell type is produced at the appropriate stage and in the
correct proportion. Subtle perturbations in the balance between proliferation and
differentiation can lead to evolutionary change, an excellent example of which is the
evolution of nocturnal vision in the owl monkey [62]. This species has a larger eye and
retina adapted for low-light nighttime vision. Also, the composition of neurons is shifted to
favor its nocturnal niche. The owl monkey evolved from diurnal ancestors by extension of
the proliferation period during retinal development, which led to a larger retina as well as a
disproportionate increase in late-born cell types that favor low-light vision. This remarkable
mechanism of scaling the size of regions of the central nervous system (CNS) by changing
the cell proliferation pattern across species has recently been extended to the cerebral cortex
in macaques, chimpanzees and humans [63, 64]. The number and proportion of neurons in
the cerebral cortex are much higher for humans than for other primates, which accounts for
the increased cognitive ability in humans [65-67]. Recent studies using cortical organoids
made from SC derived from humans, macaques, and chimpanzees have shown that human
neural progenitor cells exhibit a longer period of neurogenic proliferation than those from
other species [63, 64]. These findings are similar to those obtained for the owl monkey
during retinal development [62].

Beyond the differences in coordination of proliferation and differentiation across CNS
regions, there are opportunities to determine whether cellular pliancy is conserved across
species. By comparing the stress response and epigenetic organization across diverse
species, we can determine whether pliancy is further refined evolutionarily to accommodate
differences in lifespan, neuronal physiology, and environmental stress. This is particularly
important in the context of retinal regeneration. Lower-vertebrate species such as fish can
regenerate retinal neurons after injury [68—71]. Radial glia of the retina, called Miller glia,
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can re-enter the cell cycle to produce retinal progenitor cells, which then undergo
neurogenesis to produce retinal neurons [72]. Miller glia are also present in mammalian
retinae and can re-enter the cell cycle after injury, but they undergo reactive gliosis rather
than neurogenesis [73]. It is reasonable to suppose that species-specific differences in the
cellular pliancy of Miller glia are responsible for the lack of retinal regeneration in
mammalian retinae. It is thus essential to determine whether genes and cellular pathways
that support retinal regeneration in fish are epigenetically silent in mammalian Mdiller glia,
or whether there are other fundamental differences between species. This will be informative
in that it may provide researchers a better molecular assessment of the regenerative potential
of mammalian retinae. Advances in our understanding of the interplay between proliferation
and differentiation processes in normal retinal progenitor and retinoblastoma cells, in
conjunction with cellular pliancy, may ultimately allow us to promote retinal regeneration
without causing deregulated proliferation and tumorigenesis.

Concluding Remarks

It is remarkable that a rare childhood cancer of the retina has—and continues to—provide
numerous fundamental insights into diverse biological processes. Retinoblastoma has
emerged as the model for translational research for different types of pediatric solid tumors.
Retinoblastoma was a model for cancer genetics and genomics and one of the first cancers in
which the role of epigenetics in disease progression was elucidated. Studies on
retinoblastoma have provided a new paradigm for tackling a fundamental question, namely,
why some cells are more susceptible to malignant transformation than others. We propose
that cellular pliancy and corresponding epigenetic states and nuclear organization contribute
to cell type—specific susceptibility in cancer. We extend this concept of cellular pliancy to
cell type—specific degeneration and even species-specific regeneration. Much work remains
to be done to understand the relationship between cell type—specific epigenetic profiles at
individual genes, their location within the nucleus, and their ability to be acutely activated in
response to stress or injury (see Outstanding Questions and Box 2). By using the retina as a
model of tumorigenesis and degeneration, we hope to continue to advance the fundamental
knowledge of biological processes with implications beyond the eye.

Outstanding Questions

What is the relationship between the 2-dimensional and 3-dimensional
organization of the epigenome in the nucleus to understand how cells are
poised to respond to stress or oncogenic mutations?

How quickly can epigenetically inaccessible genes be turned on in response
to oncogenic mutations or other types of stress, and how does this relate to
susceptibility of particular retinal cell types to undergo malignant
transformation?

How does the 2D and 3D organization of the epigenome contribute to
epigenetic memory in stem cells and can this be used to predict which cell
type will represent the best source to produce iPSCs for retinal development
and retinoblastoma formation?
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Can retinoblastoma tumor initiation be modeled using iPSCs derived from
retinoblastoma patients that harbor germline B mutations?

Box 2
The Clinician’s Corner

. The precise regulation of cell division during retinal development is
essential to producing differentiated cell types (Miiller glia, rods, cones,
horizontal, bipolar, amacrine and ganglion cells) in the retina in the
correct place and at the correct time.

. Disruption in proliferation during retinogenesis can lead to defects in
visual function, retinal degeneration or retinoblastoma.

. As retinal progenitor cells stop dividing and form differentiated
neurons, they must condense certain regions of their genome that are no
longer needed and retain other regions in a more accessible state for
gene transcription.

. The cell type-specific distribution of genes into open (euchromatin) or
condensed (heterochromatin) regions of the genome has been termed
cellular pliancy and may have a profound impact on susceptibility to
diseases such as cancer and retinal degeneration.

. In addition, stem cells produced from differentiated cells may be more
efficient at producing a particular cell type when retaining some of
those open and condensed genomic regions.

. In the future, it may be possible to exploit these features and customize
the production of SC for cell-based therapies to more effectively treat
diseases such as retinoblastoma and degenerative disorders, among
others.
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GLOSSARY

Knudson’s two-hit hypothesis
Alfred Knudson was the first to propose that cancer can arise by inactivation of two copies
of a tumor suppressor gene (biallelic inactivation).

Orthotopic Patient Derived Xenograft
To establish new preclinical models of retinoblastoma and other pediatric solid tumors, cells
are collected after surgery and orthtopically implanted in immunocompromised mice. For
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retinoblastoma, the tumor cells are injected into the vitreous of the eye. The tumors are then
passaged from mouse to mouse and can be cryopreserved for long term storage.

Chromothripsis

type of genetic lesion found in cancer and thought to involve local fragmentation of the
genome and random reassembly. In some tumor types, it is a hallmark of genomic instability
and asynchronous DNA replication but in retinoblastoma, chromothripsis can lead to RB1
inactivation and contribute to tumor initiation.

Malignant Rhabdoid Tumor

aggressive cancer occurring primarily in children in diverse organ sites ranging from kidney
to brain. The gene that encodes a component of the SWI/SNF complex called SMARCB1
undergoes biallelic inactivation in many rhabdoid tumors leading to changes in the
epigenome, contributing to tumor progression.

Diffuse Intrinsic Pontine Glioma
aggressive childhood glioma occurring in the brain stem and infiltrating the surrounding
region. It is impossible to remove surgically and the 2-year survival rate is less than 10%.

Grade 3/4 Neutropenia
abnormally low count of neurtrophils in the blood.

Synthetic Lethality

related to the identification and perturbation of essential (and multiple) cellular pathways
leading to a dramatic increase in cell death. In pediatric oncology, a good example is the
treatment combination of PARP inhibitors with irinotecan and temozolomide.

Irinotecan

prodrug hydrolyzed to an active chemotherapeutic agent (SN-38) in the body to inhibit
topoisomerase I, and consequently, DNA replication and transcription by RNA polymerase.
Treatment with irinotecan can lead to DNA breaks and kill cancer cells.

Temozolomide
chemotherapeutic agent alkylating DNA, leading to DNA breaks and cancer cell death.

Ewing sarcoma

cancer of the bone and soft tissue, most commonly in children, adolescents, and young
adults. It usually occurs in the pelvis, long bones of the arms and legs and the ribs, and is
more prevalent in males than females. The tumors initiate with a translocation creating a
fusion oncoprotein between the EWSand FL/1 genes.

Mature Horizontal Neurons

type of interneuron that forms synaptic connections with photoreceptors and bipolar neurons
in the retina. Their processes extend laterally in the retina and they function by integrating
light signals across large areas of the retina.

Rod Photoreceptors
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The light sensing neuron in the retina. Rods are used for low light night time vision. Rod
photoreceptors are prone to die following injury or stress leading to retinal degeneration and
blindness.

Constitutive Heterochromatin (CH)
Regions of the genome composed primarily of high copy number tandem repeats that are
highly condensed in the nucleus. CH has few genes and those that are present must
overcome regional epigenetic silencing.
Facultative Heterochromatin (FH)
Regions of the genome that are epigenetically silenced but do not comprise repeat
sequences. Under certain circumstances, genes in FH can be derepressed and activated.
Euchromatin
The least condensed form of chromatin in the nucleus comprising gene rich regions of the
genome. Expressed genes are found, but it can also contain transcriptionally inactive genes.
Yamanaka Factors
Four transcription factors, OCT3/4, MYC, KLF4 and SOX2, identified by Shinya Yamanaka
as being sufficient to reprogram differentiated cells into pluripotent stem cells.
iPSCs
Induced pluripotent stem cells are multipotent cells derived from differentiated cells by
ectopic expression of OCT3/4, MYC, KLF4 and SOX2. These cells can produce all 3 germ
layers (endoderm, mesoderm, ectoderm) and are immortal.
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Trends Box

Basic and translational research on retinoblastomas has led to improved
outcomes in patients. However, there have not been significant
improvements in outcomes for other pediatric solid tumor patients in
the past 2 decades. The approach used to advance cures in
retinoblastoma are now being applied more broadly across childhood
solid tumors.

Preclinical studies have predicted toxicity of intra-arterial
chemotherapy for retinoblastoma and this supports the value of using
preclinical models to anticipate therapeutic toxicity and exclude
ineffective therapies from clinical development.

Cellular pliancy is a new model of cell type-specific disease
susceptibility and begins to explain why children with /81 mutations
develop retinoblastoma but not other tumors of the nervous system.

STEM-RET is a new method for scoring retinal differentiation from
human and mouse stem cells. This can be used to directly measure the
retinal epigenetic memory of iPSCs derived from different cell types.
The cells with low pliancy are more likely to retain epigenetic memory
of their cellular origins and this in turn relates to retinoblastoma
susceptibility.
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Figure 1. Disruption of Retinal Lamination in Murine Retinoblastoma
Representative electron micrographs of normal mouse retinal tissue (left) showing all 3

cellular layers and a highly organized retinal lamination adjacent to retinoblastoma tissue
(right) with disrupted lamination. The tumor is an orthotopic patient derived xenograft (O-
PDX) in the eye of an immunocompromised mouse. The normal retinal lamination is
disorganized in the tumors and most retinoblastomas have regions of necrosis that result
from oxygen depletion. Some neuronal plexus (arrows) is retained surrounding the tumor
cells reflecting partial differentiation of retinoblastoma along the neuronal lineages.
Abbreviations: 0s, outer segments; is, inner segments; OLM, outer limiting membrane;
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. Scale bar, 50 mm.
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Figure 2. Workflow for Translational Studies in Support of Clinical Trials
Diagram of the timeline and sequence for development and characterization of O-PDX

models as well as drug screening efforts to identify unique tumor cell vulnerabilities that can
be exploited therapeutically. Over the course of a year, it is feasible to complete the
necessary preclinical studies to move a new treatment regimen into clinical trials. After
careful review of those pharmacokinetic data, a decision is made about whether to move into
preclinical phase I/11 studies based on the penetration of the drug into the tumor. If sufficient
drug penetration is not achieved at a clinically relevant dose, then the treatment regimen is
not pursued further. The next key decision point follows the preclinical phase | and Il studies
to determine tolerability (phase I) and the pilot study to identify any indication of efficacy
(phase I1). If the treatment regimen is not tolerated or has no indication of efficacy, it is
abandoned. Finally, after completion of the preclinical phase 111 (randomized, double blind,
placebo controlled study) the decision is made whether to move into a clinical trial based on
efficacy and tolerability.

Trends Mol Med. Author manuscript; available in PMC 2017 October 01.

CLINICALTRIAL



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Dyer

Page 20
A rod  cone ganglion bipolar Muller  amacrine horizontal
"%
[
|PROLIFERATION
DEGENERATION
B C
_ PLIANCY differentiated
rod
I Il I v
M constitutive  differentiation poised silent

‘-"

postmitotic
G2 committed cells
retl al
rogenitor cell
progeni — e
G0 =L@
| -@.
o =
S \

)-W

ifferentiated

_ PLIANCY horizontal neuron

Figure 3. Cellular Pliancy Model
A) The 7 major classes of cell types in the retina are lined up along a continuum based on

their susceptibility to cell death and degeneration (gray) or proliferation and malignant
transformation (white). B) Diagram of the cellular pliancy during development of rod
photoreceptors and horizontal neurons: Proliferating retinal progenitor cells are highly pliant
and their genomes are organized in a more open epigenetic configuration. As cells exit the
cell cycle and differentiate, they activate a cell-type specific pliancy program that is cell type
specific and interconnected with the differentiation program. C) Some genes are
constitutively expressed (group 1) in rods and horizontal cells and in an open chromatin
configuration. Some genes are expressed only in rods (blue circle) or horizontal cells
(orange circle) with little overlap (group I1). The organization of genes that are not normally
expressed into poised (group I11) or epigenetically silent (group 1V) domains of the genome
contributes to cellular pliancy. If a stress response gene is in a poised state, it can be turned
on and protect the cell from injury. If it is in a silent state, the cell will be more prone to cell
death and degeneration.
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Figure 4. 3D Organization of Murine Rod Nuclei
A) Representative electron micrograph of rod nuclei displaying the 3 stereotypical

chromatin domains (constitutive heterochromatin, facultative heterochromatin and
euchromatin). B) 3D electron microscopy allows a reconstruction of individual nuclei and a
measurement of the volume of the central heterochromatin domain that contains the
telomeres and centromeres, a more diffuse region of heterochromatin enriched in
H3K27me3 histone acetylation marks, and, the euchromatin domain. Indicated in the
diagram are histone modifications characteristic of these 3 chromatin domains C)
Representative confocal microscopy image of DNA Fluorescence /in situ hybridization
(FISH) for individual genetic loci to precisely localize these within the different nuclear
domains of rod cells. A BAC clone spanning the Sill gene is shown in red and another BAC
clone spanning the Ezh2 gene is shown in green. D) When combined with ChlP-seq for
histone marks, the 2D and 3D epigenetic maps can be overlaid to assess individual rods or
other neuronal types. Scale bars: 1um.
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Figure 5. STEM-RET Scoring System of Retinal Differentiation from Stem Cells (SC)
A) Diagram of the three key stages of retinal development scored in the STEM-RET

protocol (eye field specification, optic cup formation and retinal differentiation). The
corresponding growth conditions (KSR: ;MM1: ;MM2: +RA: +taurine) and timing (days)
are indicated below each stage for mouse iPSCs or ESCs. B) Representative micrographs of
spheres from SC corresponding to days 1, 3 and 7 of STEM-RET using bright-field light
microscopy. The outcroppings at day 7 (arrows) represent retinal tissue as indicated by the
expression of GFP from the Rx-GFP transgenic EB5 mouse ESC line. The right panel for
day 7 shows GFP expression alone. Scale bar, 200 mm. C) Representative examples of
STEM-RET scoring of spheres of retinal differentiation for a single mouse SC line are
shown. Eye field scoring: green; optic cup scoring: blue; and retinal differentiation: orange.
Each bar represents the mean and standard deviation of integrate scores for each parameter
on day 7 (eye field), day 10 (optic cup) and day 28 (retinal differentiation). Gray background
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bars: score for the positive control EB5 ESC line. All scores are normalized to normal
mouse retina (score of 1.0). EFE, eye field efficiency; EFS, eye field specificity; EFP, eye
field proliferation; OCE, optic cup efficiency; OCF, optic cup frequency; RD Q, retinal
differentiation Q-PCR; RDEM, retinal differentiation electron microscopy; RDIF; retinal
differentiation immunofluorescence.
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