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Summary

Cell lines and animal models have provided the foundation of cancer research for many years.
However, human pluripotent stem cells (hPSCs) and organoids are increasingly enabling insights
into tumor development, progression, and treatment. Here, we review recent studies using hPSCs
to elucidate the reciprocal roles played by genetic alterations and cell identity in cancer formation.
We also review studies using human organoids as models that recapitulate both intra- and inter-
tumoral heterogeneity to gain new insights into tumorigenesis and treatment responses. Finally, we
highlight potential opportunities for cancer research using hPSC-derived organoids and genome
editing in the future.

Introduction

The study of human cancer has long benefited from the access of scientists to human tumor
tissue and from the ability to develop and propagate tumor cell lines. While cell lines are
integral to many types of experiments, they tend to drift away from the parent tumor’s
genomic features or growth characteristics over time, a widely recognized limitation.
Likewise, mouse models of cancer have resulted in great advances in our understanding of
tumorigenesis and in the development of therapeutic targets. However, the transition from
preclinical mouse modeling and therapeutic discovery to the clinic has been marred with
frequent failures. This lack of translational success is often attributed to an array of factors,
including heterogeneity of the cancer genome in human tumors and complex tumor-host
interactions. Therefore, additional disease modeling strategies are needed to complement
existing techniques in cancer research.
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The last decade has witnessed enormous leaps in human stem cell technologies. Such
advances include greater access to human pluripotent stem cell (hPSC) lines, including
embryonic stem cells (hRESCs) and induced pluripotent stem cells (iPSCs), as well as the
development of diverse hPSC differentiation protocols and increasingly efficient genome
editing tools. An ever-growing number of investigators are thus using advanced human cell
culture technologies to complement animal models in their studies. Principal among such
technologies are methods that use hPSC lines derived from non-malignant cells or tumor
cells, as well as techniques using three-dimensional cultures of hPSC progeny or primary
samples to derive normal and malignant tissue organoids.

In this review, we will discuss recent studies of cancer using hPSC and human organoid
technologies, with a focus on how they highlight tumor formation, progression, and
treatment response as developmentally informed, dynamic processes. It is important to
mention that these model systems are still maturing and have not yet become as widespread
as animal models and conventional cell lines. We will also discuss remaining challenges and
considerations for modeling cancer using these strategies, and will highlight opportunities
offered by advances in hPSC-derived organoid models and genome editing to cancer
researchers.

Developing human cancers outside the patient

It was the physicist Richard Feynman who once famously remarked, “What | cannot create,
I do not understand.” Such has been the perspective of cancer researchers who, for the past
several decades, have collectively sought to build models of tumorigenesis de novo by
initiating genetic changes in otherwise normal cells. Genetic engineering in specific cell
types has yielded a wealth of animal models that have contributed enormously to our
understanding of cancer. However, efforts to build genetically engineered, human cell-based
cancer models have encountered hurdles in many cases, as human cells seem to be more
resistant to transformation than their counterparts in other species.

To date, most successful paradigms for ex vivo transformation of human cells have required
the introduction of means of escaping replicative senescence, such as overexpression of
telomerase, followed by several oncogenes. As an example, the transformation of
melanocytes requires the expression of the Simian Virus 40 early region (SV40ER), as well
as hTERT followed by the rasoncogene (Gupta et al., 2005), while astrocytes require
hTERT, mutant H-sas, and p53/pRB inactivation in order to form high-grade gliomas (Rich
et al., 2001; Sonoda et al., 2001). These data are compatible with the concept of cancer
formation as a consequence of a series of stepwise oncogenic events that accumulate over
time. However, the combinations of oncogenes used in these studies, particularly in the case
of melanocyte transformation (Gupta et al., 2005), is not representative of spontaneously
occurring human tumors.

Pediatric cancer types, on the other hand, emerge more rapidly than would be predicted by
our current understanding of cancer genome evolution (Puisieux et al., 2018; Vogelstein et
al., 2013). Moreover, certain types of pediatric cancer can occur or progress due to
epigenetic changes with few apparent genetic events, or even none at all (Lee et al., 2012;
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Mack et al., 2014; Molenaar et al., 2012; Parker et al., 2014; Rausch et al., 2012; Robinson
et al., 2012). Taken together, these findings, which are validated by a growing body of data
across model systems (Puisieux et al., 2018), would suggest that malignant transformation is
highly dependent on cell-of-origin and differentiation state. The identity of a given cell can
provide context in the form of transcriptional programs as well as through features of the
chromatin landscape, both of which may influence the abilities of certain genetic alterations
to drive tumorigenesis.

It has become clear that, if researchers are truly to understand various types of human cancer
by creating them, then modeling studies will require precisely defined, physiologically
relevant human cell types as well as the genetic lesions that can transform them.
Understanding which cell types are most appropriate for cancer modeling studies will more
than ever require consideration of the proposed developmental origins of the tumor, so that
human cells that share those origins and lineage commitment are properly identified. Studies
using human stem cell technologies have revealed that driving cancer cells away from their
default states toward other cell identities and lineages can blunt their tumorigenic attributes,
even if their oncogenic lesions remain intact — thus highlighting the importance of cell
identity in tumorigenesis (Carette et al., 2010; Chao et al., 2017; Funato et al., 2014). These
same technologies are now being leveraged to create ever-more-faithful human cancer
models, resulting in clear insights into the developmental contexts required for
tumorigenesis via certain mutations.

Reprogramming cancer cells to study their origins

It has long been established that tumor cells, through nuclear transfer, can generate embryos
with all three germ layers and functional tissues comprised of tumor-derived nuclei
(Hochedlinger et al., 2004; McKinnell et al., 1969). That work set the stage for numerous
studies demonstrating that, despite their genetic aberrations, cancer cells are capable of
recapitulating normal developmental processes. Recent studies have used transcription
factor-mediated reprogramming to generate iPSCs from a variety of cancer cell types,
paving the way for studies of how cancer genomes affect progression through cellular
lineages.

The generation of iPSCs using transcription factor expression in mouse and human somatic
cells was first described in 2006 and 2007, respectively (Takahashi et al., 2007; Takahashi
and Yamanaka, 2006). Shortly thereafter, it was demonstrated in a murine melanoma cell
line that mammalian cancer cells could be reprogrammed to pluripotency using this
technique, as had been done previously using nuclear transfer (Utikal et al., 2009). In 2010,
successful reprogramming of human BCR-ABL-expressing chronic myeloid leukemia cells
into iPSC-like cells was reported, using the classic four Yamanaka factors, OSKM (Carette
et al., 2010). The reprogrammed malignant cells acquired pluripotency and differentiated
into all three germ layers in a teratoma assay, while retaining expression of the driver
oncogene. Additional reports of reprogramming using cell lines representing a range of
neoplasms, including solid tumors such as gastrointestinal cancers, glioblastoma and
pancreatic cancers, have shown similar findings (Carette et al., 2010; Miyoshi et al., 2010;
Nagai et al., 2010; Stricker et al., 2013). While the process of reprogramming cancer cells is
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often inefficient relative to that of normal cells, such reports suggest that cancer cells do, in
fact, retain a broad developmental potential that can be demonstrated by induction of
pluripotency.

A corollary to this finding is that induced pluripotency can, at least in some cases, override
the cancer phenotype, even if only temporarily. By inducing a widespread remodeling of the
epigenetic landscape, reprogramming allows cancer cells to acquire ectoderm, mesoderm
and endoderm lineages, irrespective of the cancer cell line’s original identity. In many
instances, these induced cancer cell lines show significantly reduced tumorigenesis when
implanted in immunosuppressed mice despite retention of the oncogenic genome (Stricker et
al., 2013). Furthermore, the alteration in lineage state leads to an increase in
chemosensitivity in at least one case, and might lead to a greater response to differentiation
therapies as well (Miyoshi et al., 2010). These findings highlight the role that cell identity
plays in mediating the oncogenic effects of certain genetic lesions found in cancer.

Recipes for success: directed differentiation of hPSCs to build cancer models

The apparent simplicity with which hPSCs can be coaxed to replicate ontogeny in a lab dish,
and thus to give rise to an array of cell types, has led to major efforts in the disease-modeling
arena. In addition to the investigation of mechanistic questions, hPSC-based disease
modeling has been used for drug discovery, for the development of toxicity assays, and for
the derivation of therapeutically relevant cell types on a large scale.

Because hPSC-based “development-in-a-dish” approaches have been so fruitful for diseases
of cell type- and/or tissue-specific dysfunction, it is exciting to consider the impact that such
approaches could have on modeling specific types of cancer. Indeed, the modeling of cancer
initiation in hPSC progeny is a growing field with multiple potential applications: a greater
understanding of the early events of cancer initiation, enhancement of animal models of
human cancers, and discovery of novel therapeutic approaches.

Directed differentiation of hPSCs to certain cell types is frequently achieved with exposure
to combinations of morphogens and growth factors applied in specific sequences and precise
doses. This ability of hPSCs to progress to defined differentiation states within
developmental lineages represents an unprecedented opportunity for cancer researchers. As
defective differentiation is a cardinal feature of many, if not all, cancer types, hPSCs can be
used to dissect the contributions of oncogenes to these differentiation blockades. Likewise,
hPSCs can also be used to dissect the roles played by features of a given cell type —
including gene expression, elements of the chromatin landscape, and more — in mediating
oncogenic phenotypes associated with certain oncogenic events (Figure 1a).

To date, experimental paradigms have consisted broadly of two approaches: those in which
one or more human cell types are derived from hPSCs, with oncogenic events induced only
after the desired cell type(s) has been obtained (Funato et al., 2014; Huang et al., 2015), and
those in which cancer cells are reprogrammed to iPSCs and then re-differentiated along the
relevant lineage (from which the putative cell- or tissue-of-origin arose) with the cancer
cell’s oncogenic genome intact along the way (Papapetrou, 2016) (Figure 2). While both
approaches have proven effective in the laboratory, it should be noted that experiments using
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the latter approach can, in principle, be affected by the presence of somatic mutations that
might alter the lineage progression of iPSCs during directed differentiation.

When iPSCs are derived from cancer cells, a common strategy consists of reprogramming
cancer cells, as well as isogenic normal cells from the same tissue lineage, into iPSCs, then
differentiating them along that same lineage. As discussed in the following sections,
comparison of these isogenic lines often reveals impaired differentiation of the tumor-
derived cells at a specific developmental stage. Functional screens can then define the roles
of individual genes in causing or rescuing the oncogenic phenotype, as well as identifying
therapeutic means of overcoming the differentiation blockade. This approach is particularly
advantageous when addressing complex genomic aberrations that cannot be easily
introduced through exogenous means, including copy number alterations and losses of
genomic regions containing multiple genes and regulatory sequences (Kotini et al., 2015;
Kotini et al., 2017).

Studies using cancer-derived iPSCs or normal hPSCs as a platform to build genetically
engineered cancer models have already begun to emerge. These reports provide important
insights into how certain cell types and differentiation states are uniquely susceptible to
tumorigenesis by a given mutation, as well as into how certain mutations drive shifts in cell
identities and differentiation states. Below, we will review what is already revealed by
hPSC-based models about the reciprocal relationship between cell identities and genetic
events in human cancer.

Cell identity as a determinant of tumorigenic potential in hPSC-based

models

There are several longstanding challenges in cancer research that have limited the creation of
human cancer models purely through genetic engineering of otherwise normal human cells.
Access to the precise cell-of-origin of a given cancer type is often challenging, due to
suboptimal knowledge as to the cell-of-origin of some tumors, inaccessibility of a specific
lineage or maturation state from which a tumor is thought to have arisen, or difficulty in
accessing certain human tissues altogether. HPSC technologies can therefore play a crucial
role in facilitating access to a range of lineage and differentiation states to serve as platforms
for novel models of human cancer. Such models, in comparison to cell lines or human tumor
xenografts, promise to provide valuable results that shed light on the mechanisms through
which certain cell types and differentiation states are more or less amenable to
transformation by a given mutation. Indeed, such studies of brain tumors and leukemias have
already emerged, demonstrating the power of such an approach.

Brain cancer

Diffuse intrinsic pontine glioma (DIPG) is a prime example of a cancer that is well-suited
for modeling in hPSC progeny, particularly to address questions of the developmental
determinants of cancer formation. It is a pediatric cancer whereby access to primary tumor
tissue has been challenging, given the propensity of the tumors to present as an infiltrative
mass among sensitive neurological structures in the brainstem. The key genomic aberrations
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were only recently identified, and they include a previously unknown somatic mutation in
the gene coding for the histone variant H3.3 in the majority of cases (Schwartzentruber et
al., 2012; Wu et al., 2012). The mutation consists of a single amino acid substitution,
whereby the lysine 27 residue is substituted to a methionine (“K27M?”), resulting in a
dominant-negative effect of a global loss of the H3K27me3 marks on wild-type and mutant
histones alike (Bender et al., 2013; Lewis et al., 2013). However, it remains unclear how the
histone mutation drives oncogenesis specifically during neural development (Funato and
Tabar, 2018), underscoring the need for innovative modeling techniques.

Interestingly, the tumors occur predominantly in young children and only rarely in adults,
and are largely confined to the midline of the central nervous system from the thalamus to
the pons. They also tend to associate with cooperating mutations, usually involving a
receptor tyrosine kinase pathway, in a brain region-specific manner (Jones and Baker, 2014).
These findings are highly suggestive of a specific developmental window and cell-of-origin
giving rise to the tumors. Indeed, the introduction of relevant mutations into hPSC-derived
neural precursor cells (NPCs) leads to /n vitro transformation, as well as /n7 vivo brainstem
tumors that recapitulate important histological and transcriptomic features of patient tumors
(Funato et al., 2014). While the K27M mutation contributed to malignant transformation of
NPCs derived from hPSCs, its oncogenic effect was limited to neural precursors within a
specific developmental window. It did not have such an effect on any other neural or non-
neural cell type tested. Further studies are now underway to understand the mechanisms
through which some neural cells, but not others, provide fertile soil for tumorigenesis in the
presence of the K27M mutation.

The ability to engineer hPSCs with advanced genetic tools allows the derivation of cancer
models with faithful recapitulation of somatic alterations in well-defined genetic
backgrounds. This strategy often involves the introduction of oncogenic alterations at the
pluripotent cell stage, with differentiation into relevant fates initiated thereafter. A recent
example is provided by the generation of neural stem cells (NSCs) from an hPSC line
engineered to harbor two null alleles of PTEN (Duan et al., 2015). Alterations leading to
PTEN loss-of-function are common in brain tumors (Reifenberger et al., 2017). The PTEN-
null NSCs exhibit a more aggressive phenotype than their isogenic wild-type counterparts,
but other cell types generated from the PTEN-null hPSCs, such as mesenchymal cells, were
phenotypically indistinguishable from wild-type controls. These results suggest that
oncogenic events described in adult brain tumors, like those found in pediatric brain tumors,
are effective in inducing neoplastic changes only in specific cell contexts.

Hematopoietic cancer

A recent report using iPSCs derived from leukemia cells has shed light on the importance of
cell-of-origin to tumorigenesis driven by MLL rearrangements (Chao et al., 2017). When the
team carrying out that study generated iPSC lines from patients’ AML cells with
chromosomal rearrangements involving the MLL gene, they observed that the resulting
iPSCs lose AML-associated gene expression and DNA methylation patterns, as well as the
ability to form leukemias /n vivo. However, this loss of leukemogenicity is entirely context-
dependent — when these AML-iPSCs are directed to differentiate into hematopoietic cells,
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they regain not only the ability to form leukemias /n vivo, but also the gene expression and
DNA methylation patterns observed in primary AML cells. These findings highlight the
importance of context provided by cell identity to certain cancer-driving mutations: MLL
rearrangements are clearly leukemogenic in hematopoietic cells, but they do not have the
same power in pluripotent cells that precede hematopoiesis developmentally. Interestingly,
the authors of this study report differences in the leukemias that arise from different iPSC
clones from the same patient. That observation suggests an ability of hPSC-based cancer
modeling to uncover differences among cell subpopulations in heterogeneous tumors as
well.

This phenomenon — phenotypes only observed to hematopoietic cells — has also been
observed in other studies of iPSCs harboring mutations associated with myelodysplastic
syndrome and leukemia. In one case, dependence on the chronic myeloid leukemia (CML)-
associated oncogene BCR-ABL was only apparent in CML cells and in cells of the
hematopoietic lineage derived from CML-iPSCs, and not in the iPSCs themselves derived
from CML cells (Carette et al., 2010; Kotini et al., 2017). In several other cases, iPSCs
derived from myelodysplastic syndrome or leukemia cells are reported to have phenotypes
that only manifest following the induction of hematopoietic specification (Chang et al.,
2018; Kotini et al., 2015; Kaotini et al., 2017; Mulero-Navarro et al., 2015).

Pancreatic cancer

In addition to undergoing normal lineage progression, cancer-derived iPSC lines are capable
in principle of recapitulating disease progression, upon directed differentiation into their
respective tissues-of-origin. This is illustrated by work wherein an “iPSC-like” line was
derived from pancreatic ductal adenocarcinoma (PDAC) samples (Kim et al., 2013). It
should be noted that the reprogrammed line used in this study was not a true iPSC line,
because continuous forced expression of reprogramming factors was required to maintain
pluripotency. Despite having been derived from advanced PDAC samples, PDAC “iPSC-
like”-derived teratomas formed in mice contained early-stage pancreatic epithelial neoplasia
in the first months after injection, with more advanced, invasive PDAC structures only
observed at later timepoints. These data suggest that mutations from late-stage disease may
not always be sufficient to induce late-stage phenotypes immediately upon reprogramming
and redifferentiation, highlighting potential roles for other cell identity characteristics like
chromatin features that change or evolve over time in a lineage-specific manner.

While the frequency of this phenomenon in that report was low, and its wide applicability to
other epithelial cancer types uncertain, it does provide a window into the evolution of cancer.
It also provides an opportunity to study early stages of cancer that are generally not well
captured by xenografts or cell lines derived from late-stage disease. Indeed, more recent
work using PDAC-derived iPSCs has revealed potential circulating biomarkers that might
one day be used for noninvasive screening for that cancer in the clinic (Kim et al., 2017).
PDAC has also been studied using hPSC-derived cells of non-tumor origin, with similar
observations of early-stage disease features when KRASand 7P53 mutations are introduced
into pancreatic progenitors (Huang et al., 2015). As PDAC happens to be a prime example of
a disease whose early stages evade both clinicians and scientists, perhaps contributing to
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poor disease outcomes, early-stage disease insights provided by hPSC-based modeling will
be welcome. Insights into the developmental determinants of tumorigenesis in pancreatic
lineages may thus be forthcoming.

As more cell types become available from hPSCs, and as more is learned about putative cell
types-of-origin of certain cancer types, investigators will gain further abilities to test the
effects of cancer-associated genetic lesions in diverse human cell types. Through this work,
the role of a cell’s identity and differentiation state in driving or suppressing various cancer
types will likely emerge, with implications both for detecting and treating diseases in
patients.

Cell identity as a consequence of oncogenic activity in hPSC-based models

In addition to uncovering the roles played by cell type-specific features in mediating
tumorigenesis by certain mutations, hPSC-based models can also demonstrate how
mutations affect cell identity in turn. An advantage of cancer modeling using specific human
cell types is that these cell types are often understood to be part of a well-defined lineage.
Such studies can therefore allow investigators to interrogate these cell types both with and
without oncogenic events, and to correlate the effects of those events with shifts in cell
identity along the relevant lineage. This strategy has been successful in animal models,
including a recent breakthrough using a murine lung cancer model that highlights the
extraordinary developmental plasticity of cancer cells (Tata et al., 2018). In that study,
researchers report that oncogenic events associated with lung cancer are sufficient to impart
features of other endoderm-derived tissues, such as those of the gut, on lung epithelial cells.
These findings provide further support for the idea that developmental principles underlie
plasticity in cell identity driven by cancer mutations (Magnen et al., 2018). Several groups
have used hPSC-based models to ask how cancer-associated mutations found in cancer types
of the blood, bone, brain, and colon affect a cell’s differentiation status, or capacity therefor,
within its lineage of developmental origin.

Hematopoietic cancer

Myelodysplastic syndromes (MDS) are proliferative diseases of the blood that are
characterized by the somatic loss of one copy of a genomic region on chromosome 7q. By
reprogramming both dysplastic and isogenic normal hematopoietic stem cells, investigators
have shown that hematopoietic differentiation is greatly impaired in del7q iPSCs relative to
wild-type iPSCs, with a similar phenotype manifesting in hPSCs that have been engineered
with hemizygosity of 7q (Kotini et al., 2015). This block of hematopoietic differentiation
can be rescued completely by engineered or spontaneous gains of 7q in culture. Similarly,
wild-type hPSCs that undergo engineered 7q loss recapitulate the differentiation impairment
seen in patient-derived iPSCs. A phenotype-rescue screen identified the roles of candidate
haploinsufficient genes that contribute to the differentiation defect. These genes were later
validated as necessary for proper hematopoietic differentiation in normal hPSCs and
hematopoietic stem cells. More recent work has further confirmed the role of del7q in
blocking hematopoietic differentiation, as iPSCs with del7q and cooperating MDS mutations
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in the splicing factor gene SRSFZ2regain competence to differentiate along the
hematopoietic lineage when del7q alone is corrected (Chang et al., 2018).

Extending the same approach to a wider range of hematopoietic cancer types, the authors
derived iPSCs from different myeloproliferative neoplasm stages — ranging from normal and
preleukemic cells to low- and high-risk MDS cells and secondary acute myeloid leukemia
(AML) cells (Kotini et al., 2017). They determined that differentiation is impaired to extents
that correspond in severity to the stage of the disease from which the iPSC lines have
originated. When a genetic lesion, del7q, in advanced-disease iPSCs is corrected, impaired
differentiation and other cancer phenotypes are rescued; in contrast, induction of additional
genetic lesions in less-advanced-stage disease iPSCs increases the severity of the
phenotypes. Additionally, the authors report disease stage-specific responses to a cytotoxic
chemotherapy, 5-azacytidine, and a RAS pathway-targeted therapy. These studies provide
examples of how hPSCs can be leveraged to interrogate the complex connections between
genetic events, effects on differentiation status and cell identity, and disease progression in
cancer.

IPSC technology has also been used to establish a novel model of leukemia associated with
Noonan Syndrome (NS) (Mulero-Navarro et al., 2015). NS patients have an inherited
predisposition to juvenile monomyelocytic leukemia (JMML), which, in many cases, results
from germline mutation of the phosphatase-encoding gene P7PN11 (Smpokou et al., 2015).
This team generated iPSCs from fibroblasts of NS patients harboring P7PN11 mutations,
but with only a fraction of these patients having JMML. Once the iPSCs were directed to a
hematopoietic lineage, samples from NS patients with IMML exhibited known phenotypes
associated with the disease, including sensitivity to hematopoietic growth factor stimulation
and excessive expansion of cells of myeloid fates. Interestingly, samples from NS patients
without JIMML did not exhibit these phenotypes. Together, these experiments illustrate the
potential value of the iPSC platform in establishing a patient-specific risk stratification in
familial cancer syndromes, beyond the known risk alleles encoded in the germline. They
also demonstrate the value of hPSC-based modeling to uncovering heretofore-unknown
mediators of inappropriate expansion of certain subpopulations within a cell lineage.

Bone cancer

Familial cancers associated with Li-Fraumeni Syndrome (LFS) have been modeled with
patient-derived iPSCs as well (Lee et al., 2015). Investigators reported the generation of a
faithful model of LFS-associated osteosarcoma using osteoblasts differentiated from those
iPSCs, finding that LFS osteoblasts are defective in their differentiation capacity and express
high levels of genes known to be active in osteosarcoma. Importantly, the LFS osteoblasts
and resulting osteosarcoma models lacked many of the cytogenetic aberrations that are often
found in primary LFS osteosarcoma samples — highlighting the utility of this iPSC-based
system in modeling early disease stages that are inaccessible using patient tissues. In
addition to recapitulating key known disease features, this study used LFS osteoblasts to
elucidate a novel role for the H19-Decorin pathway in suppressing osteosarcoma formation
in LFS patients. /19 gene expression is decreased in LFS osteoblasts relative to wild-type
controls, and ectopic expression of HZ9in these cells restores osteogenic differentiation
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while compromising /n vivo tumor formation. This study highlights the unique utility of
iPSCs from patients with inherited cancer syndromes: these cells can form the basis of
human tissue culture models of syndrome-associated cancers from initiation to disease
progression, all while incorporating the exact genetic drivers found in patient tissues.

Brain cancer

New details of how mutations found in pediatric and adult brain tumors affect cell identity
and differentiation status in the neural cell lineage have been brought forward as well. In
addition to providing a glimpse of how cell identity affects oncogenicity of the histone H3
K27M mutation in pediatric gliomas, hPSC-based modeling has also highlighted the effect
that this mutation has on neural precursors (NPCs). Transformed NPCs bearing the K27M
mutation exhibit impaired glial differentiation relative to isogenic wild-type controls, and
their epigenetic and transcriptomic profile are more in line with earlier neurodevelopmental
states than are those of the controls (Funato et al., 2014). These results suggest a novel role
for the neural stemness-associated gene L/N28B in DIPG tumorigenesis, which is consistent
with a mutation-mediated neural lineage differentiation blockade. This work also facilitated
the identification of the transcriptional scaffold protein menin as a potential therapeutic
target in this disease, with menin inhibition restoring glial differentiation in K27M-bearing
NPCs. These findings underscore the integral role that a K27M mutation-mediated
differentiation blockade likely plays in mediating the transformation of NPCs into pediatric
glioma cells.

Results indicate that mutations found in adult high-grade gliomas affect the differentiation
states of neural cells as well. In one study, the authors report that introduction of a
combination of mutations into iPSC-derived NPCs drives colony-formation behaviors and
metabolic features normally associated with less differentiated cells and tumors in the
nervous system through induction of the neural stemness transcription factor SOX2 (Sancho-
Martinez et al., 2016). Increased neural stem cell marker expression, including that of SOX2
as well as of OL/GZ, has been reported in a more recent hPSC-based modeling study of
adult high-grade gliomas as well (Ogawa et al., 2018).

In another study, researchers use hESC-derived NPCs to elucidate the effects of the low-
grade glioma-associated /DH1 R132H mutation, in conjunction with losses of p53 and
ATRX function, on cell differentiation (Modrek et al., 2017). These authors report marked
defects in differentiation capacity in the mutation-bearing NPCs. They further report a
mutation-mediated loss of SOXZ, with ectopic SOXZ2 expression rescuing the differentiation
defects, potentially via the transcription factor’s role in promoting multipotency in neural
stem cells. Together, these studies demonstrate that hPSC-based modeling is a powerful
platform upon which to build studies of neural lineage dysregulation in brain tumorigenesis.

Colorectal cancer

Colorectal cancers have been studied using an /n vitro model of familial adenomatous
polyposis (FAP) that was established using iPSCs derived from patients (Crespo et al.,
2017). FAP is an inherited disorder in which patients experience high rates of precancerous
polyp formation in the large intestine as a consequence of germline mutations in the WNT
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pathway regulator APC (Sasikumar et al., 2011). When FAP iPSCs undergo directed
differentiation to three-dimensional colonic organoids, the resulting organoids exhibit
increased WNT signaling activity as well as higher levels of epithelial cell proliferation
relative to APC-wild-type organoids — both hallmarks not only of stem cells in the large
intestine, but of FAP-associated polyp formation and progression to colon cancer as well.
This work illustrates in a sophisticated human cell-based model that APC mutations are
potent mediators of a stem-like cell identity in intestinal cells even before their outright
tumorigenesis. Similar findings of APC mutations affecting differentiation in intestinal
organoids have been reported by a second group as well (Sommer et al., 2018).

These hPSC-based modeling studies link cell identity with oncogenic alterations in
reciprocal ways, and have thus fueled hypotheses regarding developmental principles in
cancer biology. They have provided compelling new evidence that cancerous cells may
follow some of the same principles of development as healthy tissues, with genetic
alterations playing definable roles in the dysregulation of these processes. They have also
shown that the potency of genetic alterations is driven to a significant extent by the cell types
in which they occur. While some of these experiments may be perceived as products of
technical wizardry, they nonetheless converge towards a common theme: oncogenic
phenotypes are highly dependent on cell context, even within the same lineage. They also
provide further credence to the idea that cancer is a case of “blocked ontogeny,” whereby
progression down a specific differentiation path is impaired by genetic alterations, thus
creating vulnerability to uncontrolled growth (Potter, 1969, 1978; Sell, 2008). Such a link
between the development of normal and cancerous tissues will certainly be the subject of
further inquiry using hPSC-based models in the years to come.

Adding a dimension: using human organoids to investigate tumor

heterogeneity

While the ability to derive specific cell types on-demand, from hPSCs, has opened exciting
new possibilities in cancer research in recent years, so too has the development of techniques
to culture entire organ-like structures, known as “organoids,” derived from hPSCs or from
human tissues. Using such strategies, organoid models of several human tissues have been
described that recapitulate early stages of human organogenesis (Dutta et al., 2017;
McCauley and Wells, 2017). Key features of these organoids include the /n vitro generation
of diverse progenitor cells at various stages of maturation, appropriate 3D organization,
histological layers, and migration patterns, among others. These characteristics of organoids
have allowed novel studies of early human developmental stages. They have also lent
significant relevance to their use in cancer studies, which have traditionally lacked complex
human cell-based models.

Over the past few years, organoids derived from hPSCs or human adult stem cell sources, as
well as those derived from primary human tumor samples, have become prominent in cancer
research laboratories (Drost and Clevers, 2018). Many of the studies discussed here have
relied upon patient-derived adult stem cells and/or tumor tissue for organoid generation,
while a small but ever-increasing number use hPSC-derived organoids for cancer modeling
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(Crespo et al., 2017; Huang et al., 2015; Ogawa et al., 2018). The advantages of patient
tumor tissue-derived organoids are many: maintenance of the cancer genome driving a
patient’s disease, scalability for drug screening and other high-throughput applications, as
well as a lack of necessity of complex directed differentiation protocols to generate the
tissue or lineage state of interest. Patient adult stem cell-derived organoids also lack a need
for complex differentiation schemes, but do not recapitulate the cancer genome and are
generally not as scalable as neoplastic organoids. They do, however, permit specific cancer-
associated genetic alterations to be introduced at will into samples with isogenic controls
available. HPSC-derived organoids, for their part, also have this advantage, along with
limitless scalability of hPSCs themselves at the outset of an experiment — but these
organoids require optimized differentiation protocols for their generation from hPSCs.

Itis very likely that, as methods to generate specific tissue organoids from hPSCs are
optimized in the coming years, these techniques will join those using patient-derived tissues
in the laboratories of cancer researchers. To date, such techniques have already played a key
role in studies of intratumoral heterogeneity in a variety of cancer types, as well as of
disease heterogeneity among cancer patients as well (Figure 1b).

Organoids as models of intratumoral heterogeneity

Organoids enable the culture of multiple cell types that comprise a given tumor in a way that
facilitates interactions among cells as well as between cells and the surrounding
environment. Such a system allows for various groups of cells to behave and respond to
stimuli differently from each other — a characteristic of cancer that underlies intratumoral
heterogeneity. Because differences in cellular behaviors and responses within tumors can
have enormous impact on disease pathogenesis and therapeutic responses, it is important for
cancer models to recapitulate such differences among cells.

Brain cancer

A report from a team studying glioblastoma reveals how organoids can be used to study
intratumoral heterogeneity (Hubert et al., 2016). The team leverages organoid culture to
maintain tumor samples /n vitro that give rise to histologically faithful tumor xenografts /n
vivo, to an extent not seen when cells are maintained in traditional sphere cultures before
grafting. The glioblastoma organoids described in this study contain rapidly proliferating
cells surrounding a hypoxic core of quiescent cancer stem cells (CSCs) that are more
resistant to therapeutic radiation than the rest of the organoid — all structural and
microenvironmental features of human glioblastoma that are lost when tumor cells are
transitioned to sphere cultures before grafting. This recapitulation of intratumoral
heterogeneity in treatment responses lends value to organoids as a model system for
glioblastoma. A recent report in fact additionally highlights the roles of CSCs and
differentiated cancer cells in glioblastoma progression (Wang et al., 2018), further
supporting the hypothesis that maintenance of these subpopulations is key to modeling the
tumor.
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Bladder cancer

Patient tumor-derived organoids have been characterized in urothelial carcinoma as well
(Lee et al., 2018). Both in culture and when transplanted into mice, these bladder cancer
organoids evolve much as primary tumors are thought to do in patients. The authors observe
significant genetic heterogeneity within a given patient’s organoid model, just as genetic
alterations are gained and lost over time in patient tumors. This is consistent with clonal
outgrowth of cells bearing certain advantageous genetic lesions as a phenomenon driving
tumor, and organoid, evolution. The authors also observe that organoids derived from the
most refractory patient tumors display a general resistance to many therapeutic agents tested
in the laboratory. This work demonstrates the value of using organoid models to understand
intratumoral heterogeneity, along with heterogeneity among patient tumors as well, in
bladder cancer.

Gastric cancer

Recent studies have emerged documenting the use of patient-derived organoids to investigate
disease mechanisms and therapeutic vulnerabilities in gastric cancer (Nanki et al., 2018; Yan
et al., 2018). One report reveals the importance of intratumoral heterogeneity in this disease,
with organoids available from multiple tumor regions in single patients (Yan et al., 2018). In
one striking case, different organoids derived from the same patient displayed markedly
distinct responses to therapeutic PARP inhibition, and in another, a single patient’s
organoids with variable APC mutational status had divergent responses to Wnt signaling
withdrawal. Organoid models of gastric cancer will likely come to even more widespread
use in the near future.

Colorectal cancer

Researchers have used patient tumor-derived organoids to perform several studies of
colorectal cancer (CRC). In one study, the authors demonstrated that organoids derived from
CRC samples contain diverse histological and morphological features that are found in their
respective parent tumors (Fujii et al., 2016). Importantly, they showed that such distinct
structural features were driven by underlying differences in the presence or lack thereof of
certain genetic alterations, thus confirming a link between genetic and structural
heterogeneity that had not previously been shown in human CRC. In the same study, cell-
labeling experiments provided data suggesting that certain cell subpopulations in CRC
organoids become more or less represented over time. This finding highlights the importance
of keeping passaging of organoids, as with conventional cell lines, both limited and carefully
monitored. It also raises the eventual possibility of taking advantage of subpopulation
outgrowth in organoids to model tumor progression over time. To demonstrate the relevance
of organoids to model temporal processes, though, significant optimization and validation of
methods will be required.

CRC organoids have also been used to elucidate the biological mechanisms underlying
intratumoral heterogeneity. CSCs have been found in human CRC and are believed to be key
drivers of tumor regrowth and progression following treatment. In a recent study, researchers
found that CRC organoids contain a subpopulation of cells with the characteristic growth
potential and aldehyde dehydrogenase (AL DH) expression of colorectal CSCs (Regan et al.,
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2017). They showed that autocrine non-canonical (GLI-independent) Hedgehog signaling
plays a vital role in the maintenance of this subpopulation through reinforcement of WNT
signaling, a known driver of CRC tumorigenesis. It has also been shown using human CRC
organoids that claudin-2, a tight junction protein, is a key player in the maintenance and
propagation of colorectal CSCs, thus contributing to phenotypic heterogeneity and
progression in these tumors (Paquet-Fifield et al., 2018).

It has become clear over the past decades that many cancer types are driven by
heterogeneous subpopulations of cells with distinct relevance to disease biology and clinical
management. It is becoming just as clear now that organoid technologies have the potential
to capture these subpopulations for disease modeling and preclinical investigation.

Organoids as a platform to study cancers at the single-patient level

The derivation of organoids from primary tumors of diverse cancer types has enabled their
use to study patient-specific attributes. This is an important capability, as significant
heterogeneity among patient tumors — so-called “intertumoral”” heterogeneity — presents
complications to the study of cancer much in the same way that intratumoral heterogeneity
does as well. While experimentation using primary tumor samples has long been possible,
researchers have traditionally encountered difficulties in acquiring enough material for large-
scale studies.

Because organoids preserve many features of primary tumors but are capable of /n vitro
growth and large-scale expansion, they bridge a key gap between traditional cell line-based
and primary sample-based methods. Several groups have now used patient-specific
organoids as platforms for drug screening and other methods that require both high quality
and high quantity from samples.

Prostate cancer

An early example of organoids as a model system to uncover patient-specific features of
cancer came from a collaborative group investigating prostate development and disease. The
group developed protocols to form organoids from both normal and neoplastic prostate
tissue (Gao et al., 2014; Karthaus et al., 2014) with remarkable structural, histological, and
cellular resemblance to human prostate glands and tumors, respectively. The patient-derived
tumor organoids represent a diverse array of genetic drivers of prostate cancer, and those
genetic underpinnings are shown to correlate with divergent responses to various targeted
therapies (Gao et al., 2014).

Results of further studies using human prostate cancer organoids have revealed that the
product of SPOP, a gene frequently mutated in prostate cancer, suppresses tumorigenicity
and, when intact, confers susceptibility to bromodomain and extraterminal (BET) protein
inhibition in tumors by promoting degradation of the BET family member BRD4 (Dai et al.,
2017). Organoids with mutated SPOP express high levels of BRD4 and are resistant to BET
inhibition, but become sensitive once BRD4 is genetically or pharmacologically targeted.
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Other reports have now emerged with more details of mutant SPOP-driven tumorigenesis
using human tumor organoids as a model, including a surprising lack of cooperativity
between SPOP mutations and another frequent alteration in prostate cancer, ERG
overexpression (Shoag et al., 2018). Together, these organoid studies have enabled a deeper
understanding of how certain patients’ prostate cancers form, progress, and respond to
treatment according to the genetic lesions that drive them.

Gastric cancer

Two recent reports highlight the utility of organoids as a model system for gastric cancer
across patients. In one study, investigators showed clear correlations between genotypes and
phenotypes in organoids from tumors with a wide array of genetic alterations (Nanki et al.,
2018). They demonstrated that certain mutations are responsible for the morphological
transition of gastric tissue to malignancy, and that specific genetic alterations and chromatin
features are associated with independence from stem cell niche factors like Wnt and R-
spondin for survival. In another study, researchers used gastric cancer organoids from a
group of patients to model the disease and to screen for therapeutically relevant compounds
(Yan et al., 2018).

Colorectal cancer

Extensive work has been done using organoids to study patient-specific disease attributes
and drug responses in CRC as well. CRC organoids were first engineered from normal
human intestinal stem cells that underwent gene editing to introduce known CRC mutations
(Drost et al., 2015; Matano et al., 2015), with tumor-derived organoids reported shortly
thereafter (van de Wetering et al., 2015).

Tumor-derived CRC organoids can be expanded and cryopreserved for long-term availability
for drug screening, with organoids of diverse CRC genotypes reported. CRC organoids
respond to targeted therapies in a mutation-dependent manner, again highlighting the
potential role of organoids in tailoring relevant therapeutic regimens to cancer patients with
specific mutations. In one report, organoids with mutations in the gene RNF4.3, but not
others, were exquisitely sensitive to inhibition of the Wnt-processing enzyme Porcupine,
with divergent responses to other potential therapies uncovered as well (van de Wetering et
al., 2015).

Using hPSC-derived organoids, rather than those derived from tumors, a role was defined for
Whnt inhibition in tumors harboring inherited APC mutations (Crespo et al., 2017). It has
also been shown that gene expression signatures, in addition to mutational statuses, can be
derived from organoids and used to predict sensitivity to targeted therapies in a patient-
specific manner, as was shown for sensitivity to EGFR inhibition in CRC (Schutte et al.,
2017). Recent progress has been made using organoids in establishing patient-specific
features of protein abundance in CRC, which represents a level beyond genomic and
transcriptomic features on which to interrogate drug responses at the single-patient level
(Cristobal et al., 2017).

The culture conditions in which CRC organoids are maintained have also been leveraged to
uncover patient-specific aspects of CRC biology. In multiple studies, researchers
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manipulated the growth conditions of organoids, and, in so doing, revealed what may well
be microenvironmental dependencies of human CRC tumors with certain mutations (Drost
et al., 2015; Fujii et al., 2016; Matano et al., 2015). The breadth of work done on CRC alone
demonstrates that organoids have taken on a starring role in the study of patient-specific
disease mechanisms and therapeutic approaches in cancer.

Liver, breast, and pancreas cancer

Organoids have formed the basis of studies describing intertumoral heterogeneity in
additional cancer types as well, including pancreatic cancer, liver cancer, and breast cancer.
Multiple groups have successfully modeled pancreatic cancer using tumor-derived organoids
(Boj et al., 2015; Huang et al., 2015), positioning the field to model patient-specific disease
features using this system in the near future. Indeed, one report has already described
matching histological and physiological features between pancreatic cancer samples and
their organoid progeny, but with heterogeneity of these features among patients (Huang et
al., 2015). That group also reported patient-specific therapeutic vulnerabilities, with only a
subset of organoids susceptible to inhibition of the histone methyltransferase EZH2.

A similar study emerged more recently using primary liver cancer organoids representing the
known diverse subtypes of that entity (Broutier et al., 2017). The investigators in that case
demonstrated remarkable phenotypic heterogeneity among the organoids, which
corresponded to their parent tumors. They also found a range of responses to many
candidate drugs that were screened in organoids, with potentially prognostic genetic
alterations found in some cases. An inhibitor of ERK emerged from this work as a widely
applicable and promising potential therapy for liver cancers.

Breast cancer organoids have entered the spotlight as well, with recent experiments
suggesting their reliability as a model for drug development (Sachs et al., 2018). Not only do
breast cancer organoids respond similarly to targeted therapies both /n vitroand in vivo,
when they are grafted into mice, but they also yield diverse responses to tamoxifen that are
predictive of those observed in patients clinically.

It is clear that organoids have become a model system of choice for the investigation of
heterogeneous disease features and drug responses among cancer patients. Organoids have
now been derived and used to screen drug candidates in even more cancer types than those
discussed above, with results shared in a comprehensive report highlighting the pan-cancer
type applicability of this approach (Pauli et al., 2017). The importance of organoid
technologies to cancer research is poised to grow ever larger in the years to come.

Considerations for future studies using stem cells and organoids to build

cancer models

Although the development of organoid platforms with the resolution to capture both
intratumoral and intertumoral heterogeneity has progressed substantially, there remain
several challenges before human PSC and organoid models can become more integral parts
of modern cancer research.
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Building cancer models with functional microenvironments

Primary among these challenges is that of recapitulating tumor microenvironments in
organoid models, as they contribute greatly to heterogeneity at both levels. Subpopulations
of malignant cells with different phenotypes can influence each other’s growth and survival
in the tumor microenvironment, as was recently highlighted in the context of glioblastoma
(Wang et al., 2018). It is also now recognized that, in addition to cancer cells themselves,
solid tumors are often surrounded and infiltrated by an array of cell types and structures that
comprise the microenvironment, including immune cells, fibroblasts, neurons and glia,
blood vessels, and complex matrix components, among others.

Future improvements to organoid technologies will likely include capabilities to maintain
microenvironmental components from patient samples that are lost using current methods,
and to integrate primary or stem cell-derived microenvironmental components from non-
tumor sources into established organoids. Indeed, recent work using organoid models of
PDAC, discussed above, reported the use of cancer-associated fibroblasts as a source of a
microenvironmental factor of interest, WNT (Seino et al., 2018). Another recent study
features peripheral blood as a source of lymphocytes that are then cultured with organoids to
assess tumor-immune interactions (Dijkstra et al., 2018).

A variety of relevant cell types, including hematopoietic cells (Sugimura et al., 2017),
lymphocytes (Brauer et al., 2016), microglia (Abud et al., 2017; Douvaras et al., 2017;
Muffat et al., 2016; Pandya et al., 2017), central and peripheral neurons and glia (Tao and
Zhang, 2016; Tchieu et al., 2017), and endothelial cells (Wilson et al., 2014) are now
available from hPSCs and might be used to model tumor microenvironments. Such an
approach is compelling and could facilitate further dissection of the role that individual
microenvironmental components play in oncogenesis.

Ensuring proper cell maturation for cancer modeling studies

However, the use of hPSC progeny to supplement tumor organoids, as well as the use of
hPSC-derived cells and organoids to model oncogenesis, raise the important question of the
role of cell and environmental maturity in cancer. It is generally agreed that hPSC-derived
cells and organoids represent early stages of development (Studer et al., 2015), and an
embryonic or fetal niche may not represent an optimal microenvironment for the study of
adult-onset cancer. Nevertheless, organoids may offer distinct advantages over 2D models by
supporting cells at different stages of lineage progression, one or more of which may
represent the most permissive cell-of-origin state for the development of a given type of
neoplastic lesion.

Leveraging further improvements in (epi)genome editing

Genome-engineering and chromatin-modifying techniques in pluripotent stem cells and their
progeny in 2D and 3D cultures are continuing to improve in both effectiveness and
practicality (Hockemeyer and Jaenisch, 2016; Pulecio et al., 2017; Shi et al., 2017). These
improvements are increasingly enabling genetic screens in hPSC-based disease models to
identify potential therapeutic strategies. Studies of cancer models arising from these
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approaches will enable hPSCs and organoids to contribute increasingly to the study of
cancer development, as well as to the study of cancer progression and therapy.

Using patient-derived iPSCs to model additional familial cancer syndromes

IPSCs are instrumental in highlighting defects in cell differentiation and tissue development
caused by inherited human genetic variants, and thus offer value in understanding inherited
cancer syndromes. Many of these syndromes are characterized by predisposition to specific
cancer types despite the fact that the inherited variants are of widely expressed genes. In
addition, in many syndromes, several variants of the same gene are associated with distinct
clinical presentations. Modeling tissue and cancer development using iPSCs from patients
with these syndromes promises, in particular, to reveal the molecular underpinnings of these
phenomena.

Several iPSC lines have been established from patients with inherited cancer syndromes.
These include those from patients harboring germline BRCAI mutations predisposing to
breast and ovarian cancers (Griscelli et al., 2017; Soyombo et al., 2013), from patients with
neurofibromatosis type 1 (NF1) (Anastasaki et al., 2015; Wegscheid et al., 2018), and from
those with Gorlin syndrome (Hasegawa et al., 2017). Directed differentiation strategies will
enable researchers to use these lines to model development of the tissues that give rise to
cancer in these syndromes.

Multiple studies have now been reported that include iPSCs generated from patients with
inherited bone marrow disorders that predispose to cancer, such as Fanconi anemia (FA)
(Liu et al., 2014; Raya et al., 2009), Schwachman-Diamond Syndrome (SBDS) (Tulpule et
al., 2013), and Nijmegen Breakage Syndrome (NBS) (Halevy et al., 2016). These studies
have provided mechanistic insights into the pathologies associated with these syndromes,
with certain phenotypes — such as impaired hematopoietic and pancreatic exocrine
differentiation of SBDS iPSCs (Tulpule et al., 2013) — likely relevant to syndrome-
associated cancer.

Moving toward widespread use of hPSC-derived organoids in cancer research

An emerging strategy merges organoid cultures with the use of hPSCs derived from
established lines or from individual patients with tumors. Several reports have appeared in
the literature whereby hES or iPS cells have been used to generate 3D organoid cultures
expressing mutations typically found in cancer of the pancreas (Huang et al., 2015), colon
(Crespo et al., 2017), and brain (Bian et al., 2018; Ogawa et al., 2018). These studies
leverage the unique power of organoid models to study specific cancer-driving mutations or
even germline oncogenic alterations in a 3D environment that highlights developmental
processes, heterogeneous cell composition, and early tumor-initiating events. The value of
these approaches may vary depending on tumor type, the developmental window during
which neoplastic events occur, and the specific questions being asked. It can be argued that
the value of these systems in some settings, such as drug screens, may be limited since only
one or a combination of very few defined mutations are being studied, in comparison to the
usually significantly altered genome in tumor-derived organoids. As discussed previously,

Cell Stem Cell. Author manuscript; available in PMC 2020 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith and Tabar Page 19

individually derived iPSCs can also contribute the patient’s own genomic context as a
potentially important environmental parameter for the study of cancer-specific mutations.

With expected advances in protocols for the directed differentiation of hPSCs into specific
lineages, and in gene-editing technologies, additional cancer models using genetically
engineered organoids will likely emerge. Several groups have now reported organoid models
of the normal brain (Di Lullo and Kriegstein, 2017; Lancaster et al., 2013), lung (Chen et al.,
2017), breast (Qu et al., 2017), stomach (McCracken et al., 2014), intestine (Crespo et al.,
2017), liver (Takebe et al., 2013), and kidney (Takasato et al., 2015) tissue derived from
pluripotent stem cells. These organoid models are promising tools for the study of cancers
arising in these tissues.

Conclusions

In recent years, researchers have gained an increased understanding of the developmental
origins of, and relevance of heterogeneity found within and among, human cancers using
human stem cell and organoid models. However, these modeling strategies have only begun
to enter the spotlight in cancer research. With the continued rise of CRISPR-mediated
genome-editing, hPSC differentiation protocols, and chromatin manipulation techniques,
these advanced methods to study human cancer /in vitro will only grow more sophisticated
and more useful. These efforts will surely be informed by an increased understanding of
precisely which cell types are represented among the trillions comprising the human body,
thanks to the Human Cell Atlas now under development (Regev et al., 2017; Rozenblatt-
Rosen et al., 2017) as well as to other single-cell transcriptomic profiling efforts in
developmental and disease biology.

These technologies will become valued complements to models created using traditional
mouse genetics, with work done in each model system contributing to a concerted effort to
understand and to treat cancers as successfully as possible. With each advance in these areas,
cancer research as a field stands to benefit.
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In this Perspective, Smith and Tabar discuss how models of human pluripotent stem cells
(hPSCs) and organoids provide insights into tumor development, progression, and
treatment, as well as potential opportunities for cancer research using hPSC-derived
organoids and genome editing.
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Figure 1:
(a) Studies using hPSC-based cancer models have revealed a relationship between genetic

alterations an cell identity: while a cancer-associated alteration can alter the identity of a
given cell, the identity of a cell can dictate its phenotypic response to a given genetic lesion.
(b) Human organoids have proven valuable in understanding the importance of tumor
heterogeneity on two levels: intratumoral heterogeneity, in which different populations
within a tumor have divergent, clinically relevant phenotypes, and intertumoral
heterogeneity, in which tumors of the same type but from different patients have distinct
clinical features.
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Figure 2:
HPSCs from established wild-type lines, iPSCs derived from patient cells, and normal and

tumor tissues from human patients can be used to establish cancer models. Wild-type or
patient-derived hPSCs undergo directed differentiation to a cell type of interest that
represents a likely cell-of-origin for a given cancer type. These cells can be maintained as a
two-dimensional culture, or can be used to generate three-dimensional organoids. Patient
tissues can also be used to generate organoids. Cancer-associated genetic alterations, if not
already present in the genome of the source material, are introduced at the hPSC stage,
following hPSC directed differentiation or in patient-derived organoids. The resulting cancer
model is validated through comparison to patient tumor cells and is used for a variety of in
vitroand in vivo studies. Therapeutic strategies that emerge from such work are then
validated in primary patient samples and may progress into preclinical studies with an eye
towards clinical translation.
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