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“We just can’t seem to break our addiction to the kinds of fuel that will bring back a climate last seen by
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ABSTRACT OF THE DISSERTATION
Identification and Targeting of Stem Cell Signals in Cancer
by
Nikki K. Lytle
Doctor of Philosophy in Biomedical Sciences
University of California San Diego, 2018

Professor Tannishtha Reya, Chair

It is common to hear scientists equate targeting cancer to playing whack-a-mole: hitting one “mole”
(or pro-tumorigenic signal) will lead to the emergence of another mole, then another, and so on. This
analogy is far too simple and disregards the elegant evolution observed in cancer. In this respect, | propose
that cancer is more comparable to a pin art board. At one moment the pins are in the shape of a hand. If
asked to describe the pin art board, all would agree that fingers and a palm are critical components. In the
next moment the hand is replaced with a face defined by eyes and a mouth. Although these two snapshots
seem quite different, there are underlying mechanics that can explain the fluidity that permits the hand to
morph to a face, and those mechanics are shared across all pin art boards. In a similar way, cancer is quite
fluid. At one moment the tumor is addicted to a signaling axis that can be therapeutically targeted. Upon
blockade of that addiction, the tumor is able to elegantly morph into a new state with an entirely new set of
defining features. This “new tumor state” is not a random “mole” that sporadically pops up in an
unpredictable manner; rather, the tumor can predictably hijack mechanisms that permits fluid state
changes. Instead of focusing on the mole, or better yet the shape of the pin art board, here we try to
understand the mechanics and drivers of what defines the observed tumor phenotype. What allows tumor

cells to overcome toxic insults, and adapt to novel and harsh environments?
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To this end, tumor initiation, therapy resistance, and metastasis are highly dependent on the ability
for cells to adapt and survive, and thus represent processes that select for the most adaptable, aggressive
cell type. The following thesis aimed to identify and characterize tumor cells with the intrinsic capacity to
thrive during those processes. Particular focus was given to tumor cells with stem cell properties, as these
are characteristically able to respond to stresses and regenerate tumors accordingly. Using pancreatic
cancer as a model system, we identified a population of tumor cells, functionally marked by the stem cell
fate determinant Musashi, with cancer stem cell characteristics: Musashi+ cells were enriched for tumor
propagating capacity, highly resistant to cytotoxic therapies, and preferentially survived in circulation.
Further, we carried out unbiased screens to understand the landscape that defined these pancreatic cancer
stem cells. This led to the discovery of targetable signals required for maintenance of a stem cell state, and
thus represents an exciting new therapeutic approach designed to collapse mechanisms that promote an
adaptable, aggressive cell phenotype. Finally, | highlight the power of using intravital imaging to track tumor

cell behaviors in vivo, and apply this tool to better understand intrinsic and extrinsic dependencies.
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PREFACE TO CHAPTER 1: INTRODUCTION

Chapter 1, in full, has been submitted for publication as an invited review for Nature Reviews
Cancer, entitled “Stem cell fate in cancer growth, progression and therapy resistance” by Nikki K. Lytle,
Alison Barber, and Tannishtha Reya. This review discusses current and historical evidence for the
existence of cancer stem cells, and the role of cancer stem cells in disease progression. Particular focus is
given to how aberrant activation of stem cell signals can define transformation susceptibility, promote
therapy resistance, and drive metastasis. Finally, we highlight the need to understand and identify molecular
signals that are essential for the maintenance of the stem cell state in order to improve therapy response

and patient outcome.



ABSTRACT

Although we have come a long way in our understanding of the signals that drive cancer growth,
and how these signals can be targeted, effective control of this disease remains a key scientific and medical
challenge. The therapy resistance and relapse that is commonly seen is driven in large part by the inherent
heterogeneity within cancers that allows drugs to effectively eliminate some, but not all of the malignant
cells. Here we have focused on the fundamental drivers of this heterogeneity by examining emerging
evidence that show that these traits are often controlled by the disruption of normal cell fate and aberrant
adoption of stem cell signals. We discuss how undifferentiated cells are preferentially primed for
transformation and often serve as the cell of origin for cancers. We also consider evidence that activation
of stem cell programs in cancers can lead to progression, therapy resistance and metastatic growth, and

that targeting these attributes may enable better control over a difficult disease.

KEYWORDS

Cancer stem cells, stem cell signals, stem cell fate, cell of origin, asymmetric division, tumor

heterogeneity, therapy resistance, epithelial-mesenchymal transition



INTRODUCTION

Over the last several decades, cancer has largely been treated as a disease of aberrant
proliferation and survival, and the therapies most commonly used today- radiation and chemotherapy-
mainly target these properties. Despite the successes of cytotoxic therapies which include cures achieved
in childhood acute lymphoblastic leukemia (ALL)" and lymphoma?, it is also clear that we are reaching the
limits of how effective these approaches can be, at least in their current form. Thus, it has become important
to examine aspects of oncogenesis beyond aberrant survival and proliferation.

One critical aspect of the changes that occur as benign lesions transition to malignant ones is the
progressive acquisition of the undifferentiated state. Benign lesions are often more differentiated while
malignancies more undifferentiated, suggesting a reversal of the differentiation signals put in place during
development. As many of the signals that drive the undifferentiated state are also key to conferring a stem
cell fate, it is perhaps not surprising that many cancers show an acute dependence on these signals to
maintain their more aggressive state.

In addition, stem cell signals are also integrally linked to cancer initiation, propagation and therapy
resistance. While driver mutations are key to initiating oncogenesis, the cells in which these mutations occur
are of equal importance; thus, mutations that cannot transform differentiated cells can transform
undifferentiated ones®®, suggesting that the stem or progenitor cell state provides a more permissive
context for transformation. Even after cancer establishment, perpetuation of a stem cell state in some cells
creates cancer stem cells, ‘driver cells’ that are preferentially aggressive and pose a high risk for therapy
resistance and disease relapse’. Thus, understanding and targeting the signals critical to sustaining these
cells is essential to improving outcomes. Here we focus on how regulation of stem cell fate can influence
not only cancer initiation, but serve as a driver event for disease progression, therapy resistance and

metastatic growth.

STEM CELL STATES IN CANCER INITIATION
Transcriptional context and the cell of origin
Key studies have shown that subsets of cells with stem and progenitor characteristics in normal

tissues are particularly susceptible to oncogenic transformation. Beginning with work in hematologic



malignancies where chronic myeloid leukemia (CML) arose only when the BCR-ABL mutation occured in
stem cells®®, this paradigm has now been extended to other hematological'®'" and solid cancers®'2,
Defining the cell of origin can be critical for both understanding environments that are permissive for
transformation and the signals required for transformation. BCR-ABL provides an interesting example of an
oncogene that produces different outcomes depending on the cell in which it is expressed. While BCR-ABL
rapidly triggers CML when introduced into stem cells, it triggers B cell ALL (B-ALL) when expressed in
progenitor cells'®. Interestingly, this difference in cell of origin is closely coupled to differential signal
dependencies: while loss of p-catenin blocks CML propagation, it does not impact B-ALL to the same
extent’3, Thus, the cell of origin can define both the nature of the cancer, and its dependencies.

The link between the cell of origin and tumor types holds true across some solid cancers. For
example, expression of Kras in the context of p53 loss triggers squamous cell carcinoma when targeted
to either interfollicular epidermis cells or hair follicle cells. Despite both cell types giving rise to squamous
cell carcinoma, interfollicular epidermis-derived tumors are largely epithelial in nature with limited metastatic
potential, and hair follicle-derived tumors contain a mixture of both epithelial and mesenchymal tumor cells
and are associated with higher incidence of metastasis. Interestingly, transplantation of epithelial tumor
cells from either tumor resulted in secondary tumors that histologically mirrored the primary tumor,
suggesting that the balance between mesenchymal and epithelial phenotype was determined by the cell of
origin™. Similarly, the cell of origin in glioblastoma can dictate sensitivity to transformation and the type of
tumor formed. Concurrent inactivation of Trp53, Nf1, and Pten in neural stem cells, neural progenitor cells,
or in oligodendrocyte progenitors triggers the development of unique subtypes of glioblastoma with distinct
gene expression profiles that are predictive of differential molecular dependencies' ¢, These studies
suggest that the transcriptional context of the cell of origin can be selectively permissive for specific tumor
types and can be at least as strong a determinant of tumorigenesis as the driver mutations themselves
(Figure 1.1A).

In contrast, activation of Hedgehog signaling via genetic deletion of its receptor Patched (Ptch1) in

either neural stem cells or granule neural precursors leads to development of aggressive medulloblastomas
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Figure 1.1. Impact of the cell of origin on cancer development

(A) Oncogenic mutation can drive distinct cancer subtypes depending on the epigenetic and transcriptomic
profile of the cell of origin. For example, in hematologic malignancies, when BCR-ABL is introduced into
stem cells it results in CML, however when this same mutation is introduced into progenitor cells it results
in B-ALL. (B) Alternatively, oncogenic mutation in distinct cells of origin can lead to a convergence of cell
states that results in the same cancer subtype. For example, in medulloblastoma deletion of Patched
(PTCH1) in either neural stem cells or granule neural precursors leads to the development of aggressive
medulloblastoma.



with similar molecular profiles'”. This suggests that in some cases certain driver mutations, rather than the
cell of origin, define the tumor profile by leading to a convergence of cell states'”'® (Figure 1.1B).

However, it remains unclear which tumors are predominantly determined by the cell of origin versus
the relevant mutations. It is possible that certain mutations are powerful enough in terms of defining cell
fate that they can override the transcriptional context of the cell of origin; for example, in the cases above,
mutations in the Hedgehog pathway could have a dominant impact on fate because they can control stem
cell programs (Figure 1.1B). Given the impact of these early tumorigenic events in determining tumor
evolution, it may be important to better understand the factors that control tumor cell fate.

Epigenetic mechanisms and the cell of origin

In addition to the transcriptional context dictating susceptibility to transformation, epigenetic states
may also direct tumor-initiating capacity and mutational state. Recent studies have shown that changes in
DNA' or histone?® methylation patterns can override oncogene-induced senescence programs. Moreover,
transformed cells that escape senescence have increased DNA methylation, leading to inactivation, at
promoters of differentiation-associated genes'®. This suggests that the epigenetic landscape may be a
critical determinant of both transformation susceptibility and the acquisition of a stem or progenitor
phenotype.

Work in zebrafish models has shown that there is an early permissive epigenetic signature within
tumor initiating cells in melanoma?'. In a field of melanocytes expressing driver mutations, only cells
harboring an epigenetic profile that enabled Sox10-driven expression of the fetal oncogene crestin were
sensitive to transformation?'. Further, chromatin accessibility in melanocytes significantly overlaps with
mutational density in human melanoma samples, suggesting that the combination of mutations that drive
tumorigenesis may mirror the permissive epigenetic landscape of the cells within the tissue of
origin??, Consistent with this, the epigenetic landscape of normal cells and the mutational status of tumors
from the same tissue was also congruent in liver cancer, multiple myeloma, colorectal cancer esophageal
cancer, glioblastoma, lung adenocarcinoma, and lung squamous cell carcinoma?. Highlighting the
significance of the tumor initiating cell in defining the molecular profile of the tumor, a survey of over 10,000
tumor samples across cancers revealed that the methylome, transcriptome and proteome all cluster by the

tissue of origin3.



Importantly, the epigenetic alterations that precede transformation may act as the functional
equivalent of a driver mutation. Bronchial epithelial cells chronically exposed to cigarette smoke display
altered methylation patterns that lead to aberrant KRAS, WNT, and EGFR signaling®*. The altered
epigenetic state sensitized the cells to transformation with just one mutation instead of the three normally
required?*. Thus a deeper understanding of how epigenetic mechanisms contribute to the acquisition or
maintenance of a stem cell phenotype is critical for developing strategies to disable the early permissive

states for effective early intervention or prevention strategies.

STEM CELL STATES IN TUMOR PROPAGATION
Genetic and epigenetic control of cell fate in cancer

Beyond their role in establishing the cell of origin and initiating oncogenesis, programs that control
cell fate are critical for cancer propagation via both genetic and epigenetic mechanisms. Multiple stem cell
signals such as WNT, Notch or Hedgehog are activated in various cancers through mutations. For example,
loss of APC in colon cancer activates the WNT pathway??, activating mutations in Smoothened or GLI1, or
loss of Patched 1 trigger aberrant Hedgehog signaling in medulloblastoma?® and basal cell carcinoma?,
and Notch mutations are prevalent in T-ALL?%; in each of these contexts the signals serve as driver
mutations highlighting the powerful influence of stem cell signals in promoting oncogenic growth.

While in some cancers, genes encoding members of stem cell signaling pathways are recurrently
mutated, in other cancers these same genes are often activated epigenetically (Figure 1.2A). For example,
NOTCH1 is epigenetically activated in breast cancers and pancreatic cancer?®*, and WNT signaling in
leukemias®', and targeting these factors therapeutically using monoclonal antibodies against the Notch
ligand delta-like protein 4 (DLL4) or antagonists of CREB binding protein (CBP) and B-catenin, respectively,
is currently being tested in clinical trials®?-3%, More recently defined stem cell signals, such as Musashi (MSI),
have also been shown to be both genetically and epigenetically modified in cancers; for example blast crisis

CML can harbor translocations in MS/2%*, but MSI2 can also be epigenetically activated in the absence of
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Figure 1.2. Epigenetic regulation of the stem cell state in cancer

(A) During normal development, stem cell programs are extinguished during differentiation; in cancers,
such as myeloid leukemia, epigenetic re-activation of stem cell programs can promote propagation and
progression to an aggressive state. The activation of these programs in a subpopulation (cancer stem cells
(CSCs), shown in orange) is associated with chronic myeloid leukemia (CML), a low-grade disease, while
widespread activation of these programs — illustrated by the expanded pool of cancer stem cells in the
figure — is associated with blast crisis CML, an aggressive, high-grade disease. (B) Epigenetic regulation
of stem cell programs may also be mediated through modification of DNA. For example, mutation of the
DNA methyltransferase DNMT3A can promote the stem cell state through either loss of function mutations
(which can lead to hypomethylation and activation of genes that promote the stem cell state shown at left)
or gain of function mutations (which can lead to hypermethylation and silencing of genes associated with

differentiation shown at right).



mutations®*. The discussion below focuses on how epigenetic mechanisms can influence expression and
activation of stem cell signaling pathways to support cancer propagation.

DNA methylation can also influence the acquisition of the stem cell state in cancer. Alterations in
DNA methylation may occur early in tumor development: inactivating mutations in gene encoding DNA
methyltransferase 3A, DNMT3A, leads to altered methylation and leukemia onset®®3¢ and DNMT3A
deletions can trigger a spectrum of hematologic malignancies in mouse models®-%° (Figure 1.2B). At a
molecular level, mutant DNMT3A leads to decreased DNA methylation*® which may confer stem cell fate
by activating stem cell genes such as HOXB*', and leaving pro-differentiation genes hypermethylated®”.
Promoter hypomethylation may also be a mechanism by which other key stem cell genes are reactivated
in high grade cancer: for example, hypomethylation of the MS/1 locus is linked to high expression in triple-
negative breast cancer*? and of the CD133 locus in glioblastoma stem cells*®. Although many studies
suggest DNMT3A promotes differentiation and acts as a tumor suppressor, DNMT3A and methylation
status may have different consequences depending on the cellular context as it can be found
overexpressed in multiple cancers, including breast, colon, and liver cancer*. Functionally, DNMT3A can
also lead to a differentiation blockade such as in HCC*, and its deletion blocked tumor progression in a
model of colon cancer*®. Consistent with these, hypomethylating agents have been shown to promote
differentiation and increase sensitivity to chemotherapies in some cancer cells*’. Given the context specific
impact of de novo DNA methylation, further work is clearly needed to define the programs that differentially
inhibit or promote tumorigenesis and identify cellular contexts most responsive to disruption of
methyltransferase activity.

As a result of efforts to pharmacologically target epigenetic states, several broad acting modulators
such as EZH2*¢, BRD4*° and histone deacetylases (HDACs)® inhibitors have been shown to have a
profound impact on tumor burden by promoting differentiation or by eroding stem cell programs?*®:51-3,
Interestingly perturbation of epigenetic programs via either gain or loss of histone acetylation using HDAC
inhibitors or Bromodomain inhibitors, respectively, can deplete cancer stem cells53%¢ . Similarly, loss or gain
of DNA methylation via deletion or activation of DNMT3A can trigger a collapse of oncogenic programs,
and can impact cancer stem cells preferentially relative to bulk tumor cells®®®”. The bidirectional nature of

these dependencies suggests that cancer cells harboring stem cell traits may depend on tightly regulated
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Figure 1.3. Asymmetric Division in Cancer

The disruption of asymmetric division is one way in which cancer may progress to an aggressive state. In
low-grade cancers, symmetric renewal and asymmetric divisions are fairly balanced, resulting in both tumor
heterogeneity and the maintenance of cancer stem cells (CSCs). However, in high-grade cancers this
balance may be shifted towards increased symmetric renewal, which results in the expansion of CSCs
which may result in a more aggressive disease state. While imbalances in asymmetric division leading to
the progression of cancer have been clearly demonstrated in hematologic malignancies, there is evidence
to suggest that disruption of asymmetric division can promote an aggressive state in some solid tumors as
well.



Table 1.1. Asymmetric Division Genes in Cancer®®*

Protein Function in Cancer Type Effect on Asymmetric Dysregulation in Cancer Refs
Asymmetric Division
Division
Lgl Cell Polarity Leukemia Promotes asymmetric Decreased expression Ref 58
division
Numb Cell fate Leukemia, Promotes differentiation Decreased expression Refs 62, 70,
colon, breast 72
Msi Cell fate Leukemia Promotes stemness Increased expression Ref 70
Lisl Dynein Binding Leukemia Promotes symmetric renewal N/A Ref 71
Spindle
orientation
Trim3 Cell fate Brain Promotes asymmetric Decreased expression Ref 64
division
pS3 Cell fate Brain, colon, Promotes asymmetric Decreased expression Refs 72,75
breast division
miR-34a Cell fate Colon Promotes differentiation Decreased expression Refs 60-62
Brain [Targets Notch]
miR-146a Cell fate Colon Promotes symmetric renewal Increased expression Ref 62
[Targets Numb]
Lnc34a Cell fate Colon Promotes symmetric renewal Increased expression Ref 63
[Targets miR-34a]
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networks, and either gain or loss of epigenetic modifications can be deleterious. Further, because
epigenetic regulators control large-scale programs, targeting them may be particularly effective for
perturbing the stem cell state in cancers.

Asymmetric division and stem cell fate

In addition to epigenetic programs, a key way in which stem cell fate can be controlled is through
asymmetric division, a posttranslational mechanism critical for diversification through differential
segregation and inheritance of proteins during cell division. Misappropriation of asymmetric division by
oncogenic events can be a potential force in driving cancer. When asymmetric divisions are balanced,
tumours are heterogeneous, containing both cancer stem cells and bulk cancer cells. However, when the
balance is shifted towards symmetric division, this results in the expansion cancer stem cells that
subsequently drive a more aggressive, undifferentiated state.

The connection between aberrant asymmetric division and cancer was originally identified in
Drosophila®-%, and has since been linked to mammalian cancers as well. The possibility that the
differentiation arrest in aggressive cancers may be driven by disrupted asymmetric division was initially
suggested by observations in hematologic malignancies (Figure 1.3 and Table 1.1). While division patterns
were not altered in chronic phase CML, introduction of a second mutation leading to blast crisis CML
triggered an imbalance favoring symmetric renewal®®. Mechanistically this shift was driven by MSI7® which
repressed the pro-differentiation signal Numb to promote an aggressive undifferentiated state. Though
dysregulation of asymmetric division may result in a more aggressive cancer, the balance can be corrected:
thus, both increased expression of Numb or loss of MSI, as well as inhibition of the dynein-binding protein
LIS1, which leads to increased asymmetric division, served to halt the progression of aggressive myeloid
disease in vivo'".

As in leukemia, a common theme in solid cancers involves disruption of Numb leading to enhanced
self-renewal. ERBB2-mutant breast cancer cells display increased symmetric renewal divisions’ triggered
by symmetric Numb inheritance. MSI signaling has also been implicated in other aggressive cancers such
as pancreatic cancer, where it is an indicator of poor prognosis®73. p53 may also act in part by influencing
symmetric renewal, with p53 loss reducing the frequency of asymmetric divisions, thus reducing

differentiation in cells in the brain”75. These data suggest that hijacking asymmetric division can be a point
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of control for classic tumor suppressors and oncogenes, and raise the possibility that enforced asymmetric

division could be a strategy for controlling certain aggressive cancers.

STEM CELL STATES IN METASTASIS
Stem cell programs and epithelial-mesenchymal transition

The conventional paradigm for metastasis was based originally from observations in breast cancer,
and postulated that cancer cells within primary tumors undergo epithelial-mesenchymal transition (EMT),
and that this was necessary to enter circulation and transit to secondary sites’®. Although recent studies
have raised doubts about the necessity of EMT during metastasis’” "8, there is significant evidence for a
gradient of tumor cells”®8° expressing both epithelial and mesenchymal markers within the primary tumor,
in circulation, and at the secondary site®'-83, However, in order for these mesenchymal cells to establish an
epithelial tumor at the secondary site, genes responsible for maintaining a mesenchymal cell state must be
switched off®48%, These findings led to the idea that EMT occurs at the primary site and is followed by
mesenchymal to epithelial transition (MET) at the secondary site for successful metastatic growth. This
model bears striking parallels with the stem cell model, which postulates that a subpopulation of cells within
the tumor has preferential capacity for driving tumor growth and regrowth at a new site, and can effectively
recreate tumor heterogeneity (Figure 1.4).

The congruence between the stem cell and EMT-MET models of metastasis are supported by
multiple observations showing that a great majority of disseminated tumor cells expressed stem cell
markers®38687 and that functionally cells expressing stem cell markers like ALDH were highly enriched in
their ability to form metastases®-®°. Consistent with the idea that the stem cell state is a critical part of EMT
and metastatic potential, genome wide analysis of cells undergoing EMT®® and circulating tumor cells®’
revealed a remarkably congruent transcriptomic profile between these cells and primary cancer stem
cells®2, Circulating tumor cells isolated from breast cancer patients® or breast cancer patient xenografts®’
overexpress both EMT markers (such as TWIST1, AKT2, PI3K) and stem cell markers (such as ALDH,
EPCAM, CD44, CD47, and C-MET), or exhibit stem cell properties such as chemoresistance. Genes
associated with EMT are also highly expressed in cancer stem cells®®. Vimentin®*, TGF-8%, and

transcription factors TWIST1%, SNAI1 and SNAI2°7-%, and ZEB1 and ZEB2% are enriched in and support
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Figure 1.4. Metastasis and cancer stem cells

The classic EMT model of metastasis (top) posits that the dissemination of cancer cells requires loss of
epithelial cell traits commensurate with gain of mesenchymal cell traits (dark blue), which enables the cells
to detach from the primary tumor and invade surrounding tissue, intravasate and survive in circulation, and,
finally, extravasate and localize to a distant metastatic site. Several genes (shown in the center box) have
been shown to drive EMT, and their expression serves as markers of the process. Interestingly, cancer
stem cells (CSCs) (bottom) are also enriched in disseminated tumor cells, and express the EMT gene
signature. Further, the capacity for tumor propagation, which is required for establishment of a tumor at a
distant site, is a salient feature of CSCs. The parallels between EMT cells and CSCs raise the possibility
that they represent overlapping concepts.
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maintenance of cancer stem cells from multiple cancers. Conventional EMT factors such as TWIST1,
SNAI1, SNAI2 and ZEB1 can lead to acquisition of stem cell traits such as tumorsphere formation'%%101,
and activate expression of stem cell programs driven by SOX2 and KLF4'%2,

Metastatic stem cells

Although the discussion above strongly suggests that the stem cell state and EMT are in fact
overlapping concepts developed by different fields, it is possible that these cells represent populations with
substantial but not complete overlap. A “metastatic stem cell”'®® has been proposed as a population with
enhanced metastatic capabilities that may not overlap with other cancer stem cell properties such as
therapy resistance or immediate capacity to propagate tumors. The metastatic stem cell could in fact be a
subpopulation of stem cells, or one that evolves with new mutations needed to trigger metastasis. For
example, CD133+ pancreatic cancer stem cells isolated from primary patient samples preferentially
propagate tumors and are highly resistant to chemotherapy'®*. At the invasive front of tumor growth,
CD133+ cells are enriched for CXCR4 expression and this double-positive population is more
migratory than CD133+/CXCR4- cells. Patients with more CD133+/CXCR4+ cells had more metastatic
disease, indicating the relevance of these cells for human disease'®. A similar subpopulation of colorectal
cancer stem cells expressing CD26 was identified as the population responsible for liver metastasis and
predictive of distant metastasis in patients'%.

Exposure to spatially distinct microenvironmental cues throughout the tumor could be one trigger
for heterogeneity within cancer stem cells. In this regard, CD133+/CXCR4+ or CD133+/CXCR4- cells may
not be two distinct populations but rather represent a gradient of stem cell programs that are expressed at
higher or lower levels in response to intra- and inter-cellular signals. Emerging technologies using unbiased
single-cell sequencing have independently supported the existence of intratumoral heterogeneity among
cells with stem-like properties'®®-1%°. New insights into the state of tumor cells driving metastasis and which
programs and cues may promote functionally distinct capacities will likely develop by applying these same

unbiased technologies to metastatic tumor cells.
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Figure 1.5. Therapy resistance in cancer stem cells

(A) Cytotoxic agents such as radiation and chemotherapy are commonly used to treat cancer, efficiently
targeting bulk cancer (blue cells), but not cancer stem cells (CSCs, orange cells). The residual disease can
be enriched in CSC populations that can drive a more aggressive disease, triggering recurrence. (B) Stem
cell properties are commonly hijacked in cancer. One such property is enhanced drug efflux.
Chemotherapeutic agents target bulk cancer cells with normal levels of drug efflux, resulting in cell death
(top). In CSCs, higher expression of ABC transporters can enhance drug efflux capacity, increasing cell
survival (bottom). (C) Enhanced DNA repair can also be hijacked in cancer. In glioblastoma, radiation
generates unrepaired double strand breaks in CD133" bulk cancer cells, leading to cell death (top). In
CD133* CSCs (bottom), the DNA damage checkpoint is activated allowing for repair which leads to
enhanced cell survival. (D) CSCs utilize the tumor microenvironment for enhanced survival. In brain tumors,
the endothelial cells of the perivascular niche promote the survival of CSCs. Endothelial cell signaling
supports the stem cell properties of the cancer, which allows CSC expansion. CSCs can promote
angiogenesis by secreting factors such as VEGF and SDF 1. (E) Hypoxic environments can support CSCs.
Although hypoxia (represented by the descending oxygen gradient shown in blue) induces some cell death
within the tumor, it also promotes CSC expansion (red cells) and triggers expression of genes that promote
therapy resistance.
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STEM CELL STATES IN THERAPY RESISTANCE

A major challenge in cancer therapy is the fact that not all cells within a tumor are equivalently
sensitive to or effectively targeted by most therapies (Figure 1.5A). In large part the cells that are not
eliminated contribute to residual disease and are the key drivers of cancer relapse. Thus, understanding
the basis of differential sensitivity to drugs is critical to more efficient therapies and control of tumor growth.
While some cytotoxic therapies have been thought to directly induce mutations that can lead to acquired
resistance''%"'2, other studies have revealed pre-existing resistant clones within the tumor that drive tumor
re-growth following therapy'''-''®. Beyond genomic heterogeneity, it is becoming clear that epigenetic
heterogeneity''®'"" is a key driver of differential sensitivity of cancer cells to multiple therapies. Such
epigenetically driven resistance often depends on hijacked properties of normal stem cells such as the
expression of drug transporters''® (Figure 1.5B), heightened DNA damage repair capacity''® (Figure 1.5C),
and recruitment of a protective niche'?.
Resistance to chemotherapy and radiotherapy

Cytotoxic drug efflux is frequently controlled by ABC transporters, including the efflux pumps P-
glycoprotein (also known as ABCB1) and BCRP (also known as ABCG2), which are highly expressed on
normal and malignant hematopoietic and neural stem cells'?-'23, Since ABC transporters are generally
promiscuous, they have the capacity to non-specifically clear a range of toxic agents. Thus, cytotoxic
chemotherapies can relatively successfully eliminate “bulk” tumor cells but leave behind aggressive cancer
stem cells that continue to express high levels of ABC transporters (Figure 1.5B). In primary neuroblastoma
patient derived cell lines, ABCG2"/ABCA3" side population tumor cells are able to sustain long-term
expansion ex vivo and rapidly clear the cytotoxic drug mitoxantrone'?*. Interestingly, this population divides
through asymmetric division to give rise to ABCG2"/ABCA3" stem cells and more differentiated
ABCG2°*/ABCA3"°" daughter cells, suggesting that drug pump expression may be specifically inherited
asymmetrically by the self-renewing daughter cell.

Resistance to radiation has been well studied and its links to stem cell traits are perhaps best
explored in glioblastoma where radiation is a standard of care. While radiotherapy improves overall survival
and quality of life, the majority of patients relapse even following full remission'?®. CD133+ cancer cells, a

key population driving tumor growth in human disease'?5, are highly enriched following radiation in vitro and
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in patient xenografts'?’. This enrichment appears to be driven by the preferential ability of the stem cell
population to repair DNA-damage (Figure 1.5C) by activating the checkpoint kinases CHK1 and CHK2.
While preclinical studies indicated that these stem cells could be radio-sensitized with CHK1 and CHK2
inhibitors'?’, this therapeutic approach failed in trials due to high toxicity'?®. Recent studies suggest that
glioma stem cells also rely on PCNA-associated factor (PAF)-driven translesion DNA synthesis for
preferential survival following radiation'?: pharmacologic inhibition of translesion DNA synthesis leads to
radio-sensitization and depletion of glioma stem cells, and thus represents a novel therapeutic approach
for glioblastoma patients. Efforts to identify new strategies to erode programs that enable enhanced DNA
repair in stem cells remain critical to improving the durability of non-targeted as well as some targeted
therapies.
Targeted and immuno-therapies

In the last few decades, the greatest strides in molecularly targeted therapies have been led by the
discovery of imatinib, the first tyrosine kinase inhibitor. Imatinib effectively blocks BCR-ABL activity in CML
and leads to remarkably effective prevention of CML progression'®°. However, among CML patients with
minimal evidence of disease, approximately half relapsed within the first year of imatinib withdrawal'®'. This
relapse was found to be driven by residual disease comprised of leukemia stem cells'3?-'34, Although
imatinib is effective in blocking BCR-ABL in the stem cell fraction'®>, CML stem cells are insensitive to
Imatinib because they are not addicted to BCR-ABL. Instead, resistant leukemia stem cells activate several
alternative signals to enable survival and renewal including B-catenin, Smoothened, and arachidonate 5-
lipoxygenase (ALOX5)'%6-13 These broad patterns have also been observed in lung cancer, where
therapies targeting EGFR mutations leads to enrichment of stem-like cells that are dependent on
Notch3'0.141 and this resistance can be overcome by inhibiting Notch signling™?. This provided an early
and important example of drug resistance without the evolution of any new mutations, and is one of the
best examples of a disease in which the stem cell fraction is the key contributor to residual disease.

With the advent of new cancer therapies exploiting the immune system’s innate ability to track and
kill cancer cells'3-1%6, understanding resistance to such therapies has become an increasing focus, and
stem cell signals appear to be relevant in this context. A machine-learning algorithm used to identify

epigenetic and transcriptomic signatures from normal stem and differentiated cells revealed that a stem-
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high, undifferentiated landscape in tumors is associated with lower immune infiltrate and downregulated
PD-L1 pathway'#’, which is predictive of poor immunotherapy response''4°, This link is supported by
earlier data in melanoma where tumors with high T-cell infiltration responded to immune checkpoint
inhibitors'®, and T-cell infiltration was found only in tumors with low Wnt/beta-catenin signaling’. These
data suggest that cancer stem cell signals can alter the tumor microenvironment by directly modulating
tumor infiltrating lymphocytes. Bladder cancer stem cells also modulated tumor infiltrating lymphocytes by
producing inflammatory mediators like IL-6 and IL-8, which led to infiltration of pro-tumorigenic myeloid
cells''. In many ways these studies exemplify the interplay between stem cells and stem cell niche and
highlight the importance of mapping the complex interactions tumor stem cells make in vivo that influences
the rise of resistance.

The microenvironment in resistance

While intrinsic mechanisms of therapy resistance have been more frequently linked to enhanced
survival of cancer stem cells, emerging studies suggest that the microenvironment may be equally critical.
In brain tumors, endothelial cells have been shown to interact closely with stem-like cells and secrete factors
that support maintenance of stem cell traits'?%.'521% (Figure 1.5D). For example, endothelial cells can
induce expression of stem cell programs in glioma cells by secreting nitric oxide to promote Notch
signaling® or by secreting the CD44 ligand osteopontin'®. In contrast, endothelial cell inhibition through
the use of the VEGF inhibitor bevacizumab'®” may also promote stem-like characteristics in non-stem cells
through anti-VEGF triggered hypoxia, which can block cancer stem cell differentiation's®'%° (Figure 1.5E).
As an example, hypoxia triggers BLIMP1 expression in pancreatic cancer cells'®, which subsequently
activates EMT genes associated with therapy resistance. These examples highlight the challenges of
interpreting studies involving signals from the tumor microenvironment, as they can be pleiotropic and
involve multiple cell types.

In addition to endothelial cells, recent studies have highlighted important roles for other niche
components in therapy resistance. Non-stem cells help maintain a pool of cancer stem cells by secreting
supportive signals such as WNT in lung adenocarcinoma'®' and brain-derived neurotrophic factor (BDNF)
in glioblastoma'®?. Analysis of cancer associated fibroblasts from breast cancer samples before and after

chemotherapy revealed an enrichment of fibroblasts in therapy-resistant tumors'®3, This population was not
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only resistant to chemotherapy, but also created a therapy-resistant niche by closely interacting with cancer
stem cells and secreting factors such as IL-6 and IL-8 that promoted cancer stem cell survival'®3, Fibroblasts
have also been shown to promote cancer stem cell survival and expansion in non-small cell lung cancer'®,
basal cell carcinoma'®®, and colorectal cancer'®®.

Although the microenvironment is generally thought to be particularly important for therapy
resistance in solid cancers, emerging evidence shows that leukemia cells generally considered to be highly
motile may in fact share this dependency. For example, genetic loss of CD98, a hub for integrin signaling,
triggers defects in interactions of AML stem cells with endothelial cells and leads to their depletion®”.
Similarly tetraspanin 3 (TSPAN3) loss blocked AML localization to CXCL12-rich bone marrow regions and
led to impaired leukemia and AML stem cell growth'8. In addition to myeloid leukemia, T-ALL initiating cells
are dependent on CXCR4-mediated cell motility for survival, and microenvironmental-derived CXCL12 is
essential for CXCR4 activation'®. In human BCP-ALL and T-ALL, long-term dormant cells are preferentially
therapy resistant when associated with microenvironmental cells, suggesting the microenvironment can
drive therapy resistance'’?. These studies highlight the importance of niche signals for leukemia stem cell

homing, proliferation, and survival.

NEW TECHNOLOGIES

The recent development of culture conditions that support long term expansion of normal and
neoplastic organoids'"'72 has provided a new platform for identifying drivers of therapy resistance and
improving prediction of good responders. Importantly, patient-derived organoid cultures from colorectal
cancer'’®, pancreatic cancer'’*'7®% breast cancer'’®, liver'””, and bladder cancer'”® have been shown to
retain genetic mutations present in the parental tumor sample. As expected, colorectal cancer organoids
with wild-type p53 responded well to nutlin-3a and those with activating mutations in the WNT pathway
were sensitive to WNT inhibitors'”®. Additionally, in vitro drug screens using patient derived organoids
recapitulated in vivo xenograft drug response'”®178 which supports the robust nature of this system for
accurately predicting therapy response. Interestingly, much of the variability in therapy response in tumor
organoids can only marginally be explained by mutation burden'”®178  suggesting diverse mechanisms of

therapy resistance that may reflect patient diversity. This was supported by unbiased longitudinal tracking
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of patient and matched pancreatic cancer organoid response to common chemotherapies'’®: organoids
that were markedly responsive or resistant to specific chemotherapies coincided with patient outcome
accordingly. Moreover, parallel transcriptome analysis led to the identification of transcriptional signatures
that correlated with patient response'’®. Since organoids are specifically derived from cancer stem cells in
colon' and pancreas (Lytle, Rajbhandari and Reya, unpublished observations), the studies discussed
above provide a unique platform for measuring drug responsiveness of a heterogenous population that is
sustained by stem cell programs. Thus “drug sensitive” organoid signatures provide unique insight into

inter-tumoral stem cell heterogeneity and may allow us to better predict vulnerabilities.

PERSPECTIVES

The discussion above provides a view into how stem cell programs can enable cancer initiation,
therapy resistance and metastasis. The compelling biology in this rapidly moving field has already led to
the development of agents targeting stem cell signals that have emerged as an important new class of
differentiation therapies. Among these, the Smoothened antagonists, which inhibit the Hedgehog pathway,
are furthest along and are approved for use in the treatment of advanced basal cell carcinoma, and have
been in trials for several cancers including medulloblastoma and lung cancer'”®'% pased on studies
identifying its importance in driving these cancers'®'8-18 The Notch pathway has been inhibited using
gamma-secretase inhibitors, which prevent cleavage of Notch though are not specific to Notch signaling®?.
More recently, anti-DLL4 monoclonal antibodies, which more specifically target the Notch pathway, have
also been developed and are in trials for multiple advanced malignancies including metastatic colorectal
cancer and ovarian cancer'®, The development of WNT inhibitors, while critical given its extensive
mutations in colon cancer and activation in multiple other cancers, have been a more challenging
undertaking'®'. However, the development of a CBP/B-catenin antagonist (PRI-724), which interferes with
the binding of B-catenin with CBP and not p300'%?, has allowed clinical testing of WNT pathway inhibition
in advanced myeloid malignancies. Additional trials have tested the impact of inhibiting the WNT pathway
at the level of WNT secretion or receptor binding using an anti-FZD7 receptor monoclonal antibody
(vantictumab)'93; a WNT ligand antagonist (ipafricept)'®*, or a Porcupine inhibitor (LGK974) in cancers such

as pancreatic cancer and breast cancer'®.
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At a broader level, it is worth considering the fact that despite the intense focus on identifying key
signaling events and targeting these as potential strategies for therapeutic intervention, the rate of failure
at trials remains high. It is likely that many drugs could be very effective but inefficient delivery as well as
trials in advanced stage disease likely reduces their impact on tumor growth. Improving methods of delivery
through nanoparticle or lipid-mediated delivery, antibody-drug conjugate strategies as well as local delivery
efforts are crucial areas to explore to improve outcomes. The issue of early intervention has significant
ramifications for treatment outcomes in general. Among targeted therapies, imatinib is extraordinary in
leading to remarkable long-term remissions that have allowed a majority to patients to live normal lives.
Though usually considered a poster child of targeted therapies, the success of imatinib may have more to
do with it being a true early intervention, since CML can be detected in the indolent and benign chronic
phase, and imatinib is far less successful in controlling the disease as CML progresses into blast crisis'%.
This highlights the need for a greater focus on early detection methods and raises the possibility that
strategies to detect stem cell signatures could be useful as an indicator of disease progression. Combining
the development of innovative early detection tools with an understanding of the signals that drive benign
disease to a more malignant phase would enable effective early intervention and provide a more balanced

approach to controlling cancer.
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PREFACE TO CHAPTER 2:

Chapter 2, in full, is an article published in Nature entitled “Image based detection and targeting of
therapy resistance in pancreatic adenocarcinoma.” Soon after joining the Reya lab, | began working on this
project alongside Dr. Raymond Fox, who was a co-first author on the manuscript. | am immensely grateful
for his mentorship and his willingness to work together to uncover this exciting story. The manuscript
presented here identified the stem cell fate determinant Musashi as a potent driver of pancreatic cancer
progression and therapy resistance. We utilized multiple novel genetic mouse models to track pancreatic
cancer stem cells in an autochthonous tumor setting to achieve a deeper understanding of the potent role
of stem cell signals in pancreatic cancer. Finally, we developed a novel inhibitor of Musashi by harnessing
anti-sense oligonucleotide (ASO) technology, which represents an exciting new therapeutic approach for

PDAC patients.
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ABSTRACT

Pancreatic intraepithelial neoplasia (PanIN) is a premalignant lesion that can progress to pancreatic
ductal adenocarcinoma, a highly lethal malignancy marked by its late stage at clinical presentation and
profound drug resistance'. The genomic alterations that commonly occur in pancreatic cancer include
activation of KRAS2 and inactivation of p53, and SMAD4%*. To date, however, it has been challenging to
target these pathways therapeutically; thus the search for other key mediators of pancreatic cancer growth
remains an important endeavor. Here we show that the stem cell determinant Musashi (Msi) is a critical
element of pancreatic cancer progression in both genetic models and patient derived xenografts.
Specifically, we developed Msi reporter mice that allowed image based tracking of stem cell signals within
cancers, revealing that Msi expression rises as PanIN progresses to adenocarcinoma, and that Msi-
expressing cells are key drivers of pancreatic cancer: they preferentially harbor the capacity to propagate
adenocarcinoma, are enriched in circulating tumor cells, and are markedly drug resistant. This population
could be effectively targeted by deletion of either Msi1 or Msi2, which led to a striking defect in PanIN
progression to adenocarcinoma and an improvement in overall survival. Msi inhibition also blocked the
growth of primary patient-derived tumors, suggesting that this signal is required for human disease. To
define the translational potential of this work we developed antisense oligonucleotides against Msi; these
showed reliable tumor penetration, uptake and target inhibition, and effectively blocked pancreatic cancer
growth. Collectively, these studies highlight Msi reporters as a unique tool to identify therapy resistance,

and define Msi signaling as a central regulator of pancreatic cancer.
KEYWORDS

Cancer stem cells, stem cell signals, Musashi, tumor heterogeneity, therapy resistance, circulating

tumor cells, pancreatic cancer, intravital imaging
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RESULTS

To understand the mechanisms that underlie pancreatic cancer development and progression, we
investigated signals that control self-renewal, a key stem cell property often hijacked in cancer. In particular,
we focused on the role of Musashi (Msi), a highly conserved RNA binding protein originally identified in
drosophila®. While Msi has long been used as a marker of stem/progenitor cells®, the breadth of its functional
impact is only beginning to emerge: genetic loss-of-function models have shown that Msi signaling is
important for maintaining stem cells in the mammalian nervous system’, and more recently in normal and
malignant hematopoiesis®'2. However, the role of Msi in pancreatic cancer biology and whether it may be
a viable therapeutic target remains unknown.

To address these questions, we first analyzed MSI expression in human pancreatic cancers. MSI1
and MSI2 were expressed in all primary tumor samples analyzed, with expression increasing during
progression (Figure Supplement 2.1). To track the function of Msi-expressing cells, we developed Msi
knock-in reporters (Reporter for Musashi, REM) in which fluorescent signals reflected endogenous Msi
expression (Figure 2.1A-B; Figure Supplement 2.2A-C). To define if Msi-expressing cells contribute to
pancreatic cancer, we crossed REM mice to the Kras-S-G120/:p53"Ptf1aCRE* model'®'® (Figure
Supplement 2.2D-H). In vivo imaging of living tumors revealed clear Msi1 and Msi2 reporter activity within
remarkable spatially restricted domains frequently surrounded by blood vessels (Figure 2.1C-D; Figure
Supplement 2.2l). Cells with high levels of Msi reporter expression were rare, and detected in 1.18% and
9.7% of REM1 and REM2 cancers (Figure 2.1E-F). Because cancer stem cells can be similarly rare'®'7,
we tested if Msi-expressing cells have preferential capacity for tumor propagation'®. Consistent with this
possibility, Msi+ cells expressed ALDH'®, and were dramatically more tumorigenic in vitro and in vivo
(Figure 2.1G-l; Figure Supplement 2.3A-G). Most importantly, Msi2+ cells were highly lethal: while 100%
of mice orthotopically transplanted with Msi2+ cells developed invasive tumors and died, none of the mice
receiving Msi2— cells showed signs of disease (Figure 2.1J, Figure Supplement 2.3H). Given the
suggestion that certain markers may not consistently enrich for tumor propagating ability?®, our findings
indicate that Msi-expression can identify cancer stem cells at least in some contexts, and that Msi2 + cells

preferentially drive pancreatic cancer growth, invasion and lethality.
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Msi2+ cells also represented a high proportion of circulating tumor cells, and were more tumorigenic
than Msi2— CTCs (Figure 2.1K-L). While this suggests that Msi2+ CTCs may pose a greater risk for tumor
dissemination®', the fact that Msi was not consistently elevated in metastatic patient-samples analyzed
leaves the question of Msi's role in metastasis open. The Msi reporter also provided an opportunity to define
if it could be used to identify therapy resistance. Exposure to gemcitabine led to preferential survival of
Msi2+ cells even at high doses (Figure 2.1M-N; Figure Supplement 2.3I-K). These experiments show
that Msi2+ cells are a predominant gemcitabine-resistant population, and suggest Msi reporters could serve
as a tool to visualize drug resistant cells, and identify therapies to target them.

Because Msi expression rose during progression (Figure Supplement 2.1F-K, Figure
Supplement 2.4A), and marked therapy resistant cells, we tested if genetic or pharmacologic targeting of
Msi could eradicate this ‘high risk’ population. Deletion of Msi1 led to a 5-fold reduction in tumor volume by
MRI (Figure 2.2A-B, Figure Supplement 2.4B). Histologically, adenocarcinoma areas comprised 67% of
WT-KP"'C but less than 10% of Msi1”"KP"'C pancreata; further while Msi1 loss allowed low grade PanINs
to form, it largely blocked progression to adenocarcinoma (Figure 2.2C-F, Figure Supplement 2.4C-D).
Finally, Msi1 deletion improved survival in orthotopic grafts: median survival for WT-KP"C graft recipients
was 28.5 days, and for Msi1/-KP"C grafts was 70.5 days, representing a 2.5-fold increase in survival time
and a 23-fold decrease in risk of death (Figure 2.2G).

Because both Msi1 and Msi2 are expressed in pancreatic cancer, we also analyzed the impact of
deleting Msi2®. MRI showed no detectable tumor mass in most Msi2~~-KP"C mice (Figure 2.2H-I; Figure
Supplement 2.4E). Histologically, KP"'C pancreata were mostly replaced by adenocarcinoma, often
accompanied by extracapsular invasion into surrounding structures; in contrast, Msi2”~-KP"C pancreata
contained low-grade PanIN with rare high-grade PanIN and microscopic foci of adenocarcinoma within
predominantly normal tissue (Figure 2.2J-0). Median survival, tracked in the autochthonous model, was
122 days for Msi2”~-KP"C vs. 87 days for WT-KP"'C mice (Figure 2.2P), representing a 4-fold decreased
risk of death. Collectively, our data show that Msi inhibition significantly improves disease trajectory, leading
to an approximate doubling of survival. The fact that the mice ultimately succumbed to disease is likely due

to the strong selection for escaper cells in Msi1 and Msi2 single, or double knockout mice (Figure
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Figure 2.2. Loss of Msi impairs tumor initiation and progression in a mouse model of PDAC.

(A) Coronal and sagittal MRI images of normal, WT-KP"C and Msi1”-KP"C mice with 3-dimensional
volume rendering of tumor mass (red). (B) Average volumes of isolated WT-KP"C (n=13) and Msi1”-KP"'C
tumors (n=9). (C-D) Histology and (E-F) quantification of PanIN and/or adenocarcinoma areas in WT-KP"'C
and Msi1”-KP"C tumors. (G) Survival of mice orthotopically grafted with Msi1”-KP"C or WT-KP"'C tumors
(n=16). Analysis of Msi2"-KP"'C tumors (H) by MRI and (l) after isolation, WT-KP"'C (n=5), Msi2”-KP"C
(n=7). (J-M) Histology of WT-KP"C and Msi2"-KP"C pancreatic tumors (40x magnification); (K)
Adenocarcinoma, liver invasion (green arrows), (L) adenocarcinoma (yellow arrows), (M) PanINs (blue
arrows). (N-O) quantification of PanIN and/or adenocarcinoma areas in WT-KP"C and Msi2”--KP"'C tumors
(n=6). (P) Survival of autochthonous Msi2”-KP"'C (n=19) or WT-KP"C (n=32) mice. Log-rank (Mantel-
Cox) survival analysis (p<0.0001). Data represented as mean + SEM. ** P < 0.01, *** P < 0.001 by Student’s
t-test. Source Data for all panels are available online.
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Supplement 2.5). Additionally, some redundancy between Msi1 and Msi2, as well as a partial gene
fragment present in Msi1™~ mice (data not shown) may also exert compensatory activity.

To understand the molecular basis of the effects of Msi loss, we genomically profiled Msi deficient
tumor cells (Figure Supplement 2.6, Figure Supplement 2.7A-D). Msi loss led to down-regulation of many
key genes, including regulators of stem cell function (Wnt7a, Aldh, Lin28), proto-oncogenes (c-Met, Fos,
Fyn) and Regenerating (Reg) family genes, linked to gastrointestinal cancers. Among these, analysis of
3'UTRs for Msi binding-sites and RIP-PCR identified BRD4, c-MET and HMGAZ2 as potential direct targets
(Figure 2.3A, Figure Supplement 2.7E). We focused on ¢-MET?, which was diminished in Msi null
pancreatic cancer and also bound MSI1 in CLIP-seq experiments (Figure 2.3B-D, Figure Supplement
2.7F-G). c-Met could not only be activated molecularly by MSI but also effectively complemented MSI loss
(Figure 2.3E-F; Figure Supplement 2.7H). While these suggest that c-Met is a direct functional target of
Msi, it is almost certainly one of many. In fact, Msi's powerful impact on cancer is probably because of its
ability to control a broad range of programs (Figure Supplement 2.6). In this context, BRD4 and HMGA2
may be particularly attractive targets?>?, as they could act at an epigenetic level with c-Met to collectively
mediate Msi function. Underscoring such a potential convergence of epigenetic and oncogenic pathways,
inhibitors of both Brd4 and c-Met effectively targeted gemcitabine-resistant Msi2+ cells (Figure 2.3G-H).

To complement the mouse models, we tested the impact of MSI inhibition on primary patient
samples, which harbor more complex mutations, and are uniformly drug resistant. Primary pancreatic
cancer cells were infected with MSI shRNAs and xenografted (Figure Supplement 2.8A). While shMSI
cells were equivalently present at time of transplant, their ability to contribute to the tumor mass in vivo was
reduced by 4.9-6.5 fold (Figure 2.4A-B, Figure Supplement 2.8B-C), demonstrating that inhibition of either
MSI1 or MSI2 results in marked suppression of primary human pancreatic cancer growth. Interestingly,
MSI2 expression was more homogeneous in patients than in mouse models (Figure Supplement 2.1A-B,
Figure Supplement 2.2D-E). This could be a consequence of selection due to treatment and end-stage
disease in patients, or because MSI2 patterns differ between mouse models and human disease. However,
regardless of the level of heterogeneity, our loss-of-function studies indicate that the mouse and human

disease are both highly dependent on Msi signaling.
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Figure 2.3. Msi controls expression of key oncogenic and epigenetic signals

(A) Msi RIP-PCR for indicated transcripts. (B-C) Frequency of phospho-c-Met+ cells in WT-KP*'C, Msi1---
KP7C, and Msi2”-KP"'C mice, (b, n=8; ¢, n=6). (D) Schematic of c-MET exons and 3'UTR. CLIP tags (red
triangles) indicate MSI1 binding in 3UTR. (E) c-MET 3’'UTR luciferase reporter activity in the presence or
absence of MSI1 or MSI2 (n=3 independent experiments). (F) Colony formation of MSI1 or MSI2
knockdown cells with or without c-MET (n=4 independent experiments). (G-H) FACs analysis of tumors
from Gemcitabine-treated REM2-KP"'C mice, in the presence or absence of Crizotinib and iBet762; Vehicle
(n=7), Gemcitabine (n=3), Gemcitabine+iBet762 (n=3), Gemcitabine+Crizotinib (n=3). Data represented as
mean + SEM. * P < 0.05, * P < 0.01, *** P < 0.001 by Student’s t-test or One-way ANOVA. ns, not
significant. Source Data for all panels are available online.
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Figure 2.4. Targeting MSI inhibits pancreatic cancer growth in patient-derived xenografts

(A-B) Frequency of GFP+ tumor cells before and after transplantation. (C) MSI1 expression following MSI1-
ASO free uptake in human pancreatic cancer line (n=3 independent experiments/dose). (D) Colony
formation of control or MSI1-ASO treated human pancreatic cancer line (n=3 independent experiments).
(E) In vivo growth of human cell line-derived tumors in control or MSI1-ASO treated mice (n=10). (F)
Relative tumor volume and (G) rate of growth of KP"'C-derived tumors in control or MSI1-ASO treated mice
(n=8). (H) Malat1 expression in autocthonous KP"'C tumors following systemic delivery of lead-optimized
control or Malat1-ASO (n=6). Data represented as mean + SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by
One-way ANOVA. ns, not significant. Source Data for all panels are available online.
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Given that inhibition of Msi has profound effects on pancreatic cancer progression, we explored its potential
as a therapeutic target by developing antisense oligonucleotides (ASOs)?>?¢ specific for MSI1. Because
ASO inhibitors are designed based on target RNA sequences, they can be a powerful approach for
inhibiting proteins like Msi, considered “undruggable” by traditional approaches?’. Of 400 candidate MSI1-
ASOs screened, the two most potent markedly reduced colony formation, as well as human cell line and
KP™'C derived tumor growth in vivo (Figure 2.4C-G, Figure Supplement 2.8D-E). The MSI1-ASOs have
not yet been lead-optimized, a longer-term process designed to maximize therapeutic level efficacy with
systemic delivery. To test if a lead-optimized ASO can penetrate the tumor microenvironment, a lead-
optimized ASO against Malat1 was delivered intraperitoneally and was effective in knocking down its target
in both stem and non-stem cell fractions (Figure 2.4H; Figure Supplement 2.8F-J). These studies provide
proof-of-principle that deliverable Msi inhibitors can antagonize pancreatic cancer growth in vivo, and
suggest that ASOs should be explored further as a new class of therapeutics in this disease.

The Msi reporters we describe here may be broadly applicable for cancer diagnostic and
therapeutic studies. Because Msi reporter activity can be visualized through live imaging, these mice can
be used to track cancer stem cells in vivo, and provide a dynamic view of cancer growth and dissemination
within the native microenvironment. The fact that reporter-positive cells are gemcitabine-resistant raises
the exciting possibility that this could serve as a platform to visualize resistance in vivo. Integration of such
reporters during drug development may provide a powerful complement to conventional screens, and allow
identification of therapies that can better target therapy-resistant disease. Further, the spatially restricted
distribution of Msi+ cells could have important implications for designing strategies to loco-regionally target
cells that drive residual disease and relapse.

One of the biggest disappointments in pancreatic cancer therapy has been the failure of targeted
agents to make a meaningful impact. Our data demonstrate that Msi function is critical for growth and
progression of pancreatic cancer, and Msi therefore represents an attractive therapeutic target. Here we
show that cell-penetrating antisense oligonucleotides are able to antagonize Msi and inhibit growth of
pancreatic cancer. These findings highlight the value of targeting Msi, and suggest that ASOs?”-3° and other
antagonists should be developed for pancreatic and other cancers marked by high Msi expression. Finally,

the rise of Msi in pancreatitis (Figure Supplement 2.9) raises the possibility that Msi inhibition could serve
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as a strategy to decrease the risk of developing pancreatic cancer. In the long term, blocking Msi signaling

could provide a new approach to controlling cancer establishment, progression, and therapy resistance.
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METHODS

Mice. REM1 (Msi1¢¥¥”*) and REM2 (Msi2¢¢F™*) reporter mice were generated by conventional gene
targeting (Genoway, France; Fig. 1); all of the reporter mice used in experiments were heterozygous for the
corresponding Msi allele. The Msi1™ (Msi17"ox) mice were generated by conventional gene targeting by
inserting LoxP sites around Exons 1-4 (Genoway, France). The Msi2 mutant mouse, B6; CB-Msj2¢!pY-
21m)2imeg (Msi2”-) was established by gene trap mutagenesis as previously described®. Dr. Hideyuki Okano
provided the Msi1”- mice as previously described’. The LSL-Kras G12D mouse, B6.129S4-Kras™#vlJ
(Stock No: 008179) and the p53flox/flox mouse, B6.129P2-Trp53m'8mJ (Stock No: 008462), were
purchased from The Jackson Laboratory. Dr. Maike Sander provided Ptf1a-Cre mice as previously
described'. Dr. Andrew Lowy provided Pdx1-Cre mice as previously described's. Mice were bred and
maintained in the animal care facilities at the University of California San Diego. All animal experiments
were performed according to protocols approved by the University of California San Diego Institutional
Animal Care and Use Committee. No sexual dimorphism was noted in all mouse models. Therefore males

and females were equally used for experimental purposes and both sexes are represented in all data sets.

Tissue dissociation and cell isolation. (A) Mouse pancreatic tumors were washed in RPMI 1640 (Gibco,
Life Technologies) and cut into 2-4 mm pieces immediately following resection. Dissociation into a single
cell suspension was performed using the Miltenyi Biotec Mouse Tumor Dissociation Kit (130-096-730).
Briefly, tumor pieces were collected into gentleMACS C tubes containing RPMI 1640 dissociation enzymes,
and further homogenized using the gentleMACS Dissociator. Samples were incubated for 40 minutes at
37°C under continuous rotation, then passaged through a 70 um nylon mesh (Corning). Red blood cells
were lysed using RBC Lysis Buffer (eBioscience), and the remaining tumor cells were used for FACS
analysis and cell sorting. (B) Freshly resected mouse brains were rinsed in PBS, placed in accutase (Life
Technologies), and cut into <2 mm pieces. Samples were incubated 15 minutes at 37°C, then passaged
through a 70 um nylon mesh (Corning). Red blood cells were lysed as above prior to FACS analysis and
sorting of brain cells. (C) Bone marrow cells were suspended in HBSS (Gibco, Life Technologies) containing

5% FBS and 2 mM EDTA and were prepared for FACS analysis and sorting as previously described®'.
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Analysis and cell sorting were carried out on a FACSAria Il machine (Becton Dickinson), and data were

analyzed with FlowJo software (Tree Star).

Immunofluorescence and immunohistochemical staining. (A) Human primary pancreatic cancer
tissues were fixed in 10% neutral buffered formalin and paraffin embedded at the Moores Cancer Center
at UCSD according to standard protocols. 7 um sections were obtained and deparaffinized in xylene. The
UNMC Rapid Autopsy Pancreas (RAP) Program provided a second cohort of human primary pancreatic
cancer tissues and matched liver metastases. Pancreatic cancer tissue from KP"C mice were fixed in 4%
paraformaldehyde and paraffin embedded at the UCSD Histology and Immunohistochemistry Core at The
Sanford Consortium for Regenerative Medicine according to standard protocols. 5 um sections were
obtained and deparaffinized in xylene. Antigen retrieval was performed for 20-40 minutes in 95-100°C 1x
Citrate Buffer, pH 6.0 (eBioscience). Sections were blocked in TBS or PBS containing 0.1% Triton X100
(Sigma-Aldrich), 10% Goat or Donkey Serum (Sigma Aldrich), and 5% bovine serum albumin. (B) Single
cell suspensions from mouse pancreatic tumors and brain. Cells isolated by FACS were suspended in
DMEM (Gibco, Life Technologies) supplemented with 50% FBS and adhered to slides by centrifugation at
500rpm. 24 hours later, cells were fixed with 4% paraformaldehyde (USB Corporation), washed in PBS
containing 0.1% Tween-20 (Sigma-Aldrich), and blocked with PBS containing 0.1% Triton X-100 (Sigma-
Aldrich), 10% Goat serum (Invitrogen), and 5% bovine serum albumin (Invitrogen). (C) Single cell
suspensions from mouse bone marrow. Cells were allowed to settle onto chambered cover glass (LabTek)
coated with poly-I-lysine (Sigma) at 37°C, fixed with 4% paraformaldehyde (USB Corporation), washed in
1x Dako wash buffer (Dako), and blocked with Dako wash buffer containing 10% Goat serum (Invitrogen).
All incubations with primary antibodies were carried out overnight at 4 °C. For immunofluorescent staining,
incubation with Alexafluor-conjugated secondary antibodies (Molecular Probes) was performed for 1 hour
at room temperature. DAPI (Molecular Probes) was used to detect DNA and images were obtained with a
Confocal Leica TCS SP5 Il (Leica Microsystems) or with a Nikon Eclipse E600 fluorescent microscope. For
immunohistochemical staining, endogenous peroxidase was blocked by incubating slides in 3% H20: for
15 minutes prior to primary antibody. Incubation with Biotinylated secondary antibodies (Vector

Laboratories) was performed for 45 minutes at room temperature. InmPACT NovaRED Kit (Vector
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Laboratories) was used per manufacturer’s protocol. Sections were counterstained with hematoxylin. The
following primary antibodies were used for human tissue sections: rabbit anti-Msi1 (Abcam, ab52865)
4 ug/ml; rabbit anti-Msi2 (Abcam, ab76148) 1 ug/ml; and mouse anti-Keratin (Abcam, ab8068) 1:20. The
following primary antibodies were used to stain mouse tissues: rabbit anti-ALDH1 (Abcam, ab24343) 1:200;
rabbit anti-cMet (Abcam, ab5662) 1:250; chicken anti-GFP (Abcam, ab13970) 1:250 (for pancreatic tumors
and brain) or 1:200 (for bone marrow); rabbit anti-Msi2 (Abcam, ab76148) 1:500 (for pancreatic tumors and
brain) or 1:200 (for bone marrow); rat anti-Ki67 (eBioscience, 14-5698) 1:1000; rat anti-Msi1 (eBioscience,
14-9896-82) 1:500; mouse anti-Keratin (Abcam, ab8068) 1:10; and biotinylated DBA (Vector Laboratories,

B-1035) 1:1000.

Pancreatic tumorsphere formation assay. (A) Pancreatic tumorsphere formation assays were performed
on freshly isolated mouse pancreatic tumor cells or circulating tumor cells from peripheral blood modified
from Rovira, et al*2. Briefly, pancreatic tumors from 10-13 week old REM1-KP"'C or REM2-KP"'C mice were
dissociated and FACS sorted for YFP+ and YFP- or EpCAM+/GFP+ and EpCAM+/GFP- cells, respectively.
100-500 cells were suspended in 100 ul DMEM F-12 (Gibco, Life Technologies) containing 1x B-27
supplement (Gibco, Life Technologies), 3% FBS, 100mM B-mercaptoethanol (Gibco, Life Technologies),
1x non-essential amino acids (Gibco, Life Technologies), 1x N2 supplement (Gibco, Life Technologies), 20
ng/ml EGF (Gibco, Life Technologies), 20 ng/ml FGF2 (Gibco, Life Technologies), and 10 ng/ml ESGRO
mLIF (Millipore). Culture media for circulating tumor cells also contained 20 ng/ml mHGF (R&D Systems).
Cells in media were plated in 96-well ultra-low adhesion culture plates (Costar) and incubated at 37°C for
7 days. Sphere images were obtained with a Nikon80i. Sphere size was measured using ImageJ 1.47v

software.

Lentiviral constructs and production. Short hairpin RNA (shRNA) constructs were designed and cloned
into plenti-hU6BX vector with a GFP tag by Cellogenetics. The target sequences are 5-
CCCAGATAGCCTTAGAGACTAT-3’ for MSI1, 5-CCCAGATAGCCTTAGAGACTAT-3 for MSI2 and 5'-
CTGTGCCAGAGTCCTTCGATAG-3' for the control scrambled sequence. Additional (shRNA) target

sequences were cloned into a plenty-FG12 vector with a Tomato Red tag. These target sequences are 5'-
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ATGAGTTAGATTCCAAGACGAT-3 for MSI2 and 5-AGGATTCCAATTCAGCGGGAGC-3’ for control
scrambled sequence. Virus was produced in 293T cells transfected with plenti-shRNA constructs along
with pPRSV/REV, pMDLg/pRRE, and pHCMVG constructs. Viral supernatants were collected for three days

followed by ultracentrifugal concentration at 50,000xg for 2h.

Agarose colony formation assays. MIA PaCa-2, Panc-1, Capan-2, and HPAC human pancreatic cancer
cell lines were purchased from ATCC, and cultured in the appropriate growth media as recommended by
ATCC. ASPC1, FG, and AA0779E human pancreatic cancer cell lines were provided by Dr. Andrew Lowy,
and grown in DMEM containing 10% FBS, 1x Glutamax, and 1x PS (pen/strep). Human pancreatic cancer
cell lines were infected with GFP-tagged or TomatoRed-tagged lentiviral particles containing shRNAs for
MSI1, MSI2, and a scrambled control. Positively infected cells were sorted 72 hours after transduction. For
colony assays, 24-well plates were first coated with 0.6% agarose in DMEM without supplements. Cells
were plated at a density of 2000 cells per well in 0.3% agarose containing DMEM, 10% FBS, NEAA, PS,
and Glutamax. Growth medium was placed over the solidified agarose layers and was supplemented every

three days. Colonies were counted 14 days after plating.

MRI. Magnetic resonance imaging was used to determine the pancreatic volumes of the mice in vivo. Mice
were anesthetized using 1.5% isoflurane and imaged in a 7.0 Tesla small animal scanner (Bruker-Biospin,
Ettlingen, Germany). Contiguous coronal slices were acquired using a multi-slice, RARE sequence:
repetition time/echo time = 4826 ms/33 ms, Field of View = 6x3 cm, and Matrix = 126 x128 with up to 44
slices with a thickness of 0.5mm. Segmentation and volume rendering were performed using Amira

software (FEI Visualization Sciences Group, Burlington, MA).

Histological analysis/Quantification of PanIN and PDAC. Mouse tumors from 4.5-13 week old Msi1”--
KP"C, Msi2”-KP"C mice, and WT-KP"'C littermates were isolated, fixed in 4% paraformaldehyde, and
paraffin embedded according to standard protocols. 5 um sections were obtained for hematoxylin and eosin

and periodic acid-Schiff/Alcian Blue staining. To quantify tumor areas, each slide was digitally scanned with
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an Aperio slide scanner. Imagescope software was used to measure PDAC area, PanIN area, and normal

pancreas area.

Gene expression microarray, RNA-Seq, and data analysis. (A) WT-KP"C or Msi1"-KP"'C mice were
euthanized at 11 weeks of age. Tumors were harvested and total cellular RNAs were purified, labeled and
hybridized onto Affymetrix GeneChip Mouse Genome 430 2.0 Arrays and raw hybridization data were
collected (VA/VMRF Microarray & NGS Core, UCSD). Expression level data were extracted using R
package gcrma'#, and normalized using a multiple-loess algorithm as previously described®***. Probes
whose expression levels exceed a threshold value in at least one sample were considered detected. The
threshold value is found by inspection from the distribution plots of log2 expression levels. Detected probes
were sorted according to their g-value, which is the smallest false discovery rate (FDR) at which a probe is
called significant’®35, An FDR value of a is the expected fraction of false positives among all genes with g
<a. FDR was evaluated using Significance Analysis of Microarrays (SAM) and its implementation in the
official statistical package samr®¢3”. The samples were treated as "Two class paired" according to the date
of RNA extraction. No genes reached a significance level of a=0.1. A heat map of selected genes was
created using in-house software. (B) MIA PaCa2 cells were infected with GFP-tagged or TomatoRed-
tagged lentiviral particles containing shRNAs for MSI1, MSI2, MSI1+MSI2, and a scrambled control. At 72
hours post-infection, positively infected cells were sorted and total cellular RNAs were isolated using a
Qiagen RNeasy mini kit. RNA-seq fastq files were processed into transcript-level summaries using kallisto,
an ultrafast pseudo-alignment algorithm with expectation maximization. Transcript-level summaries were
processed into gene-level summaries by adding all transcript counts from the same gene. Gene counts
were normalized across samples using DESeq normalization®®, and the gene list was filtered based on
mean abundance, which left 13,684 “detected” genes for further analysis. Differential expression was
assessed with an R package limma®°® applied to logz-transformed counts. Statistical significance of each
test was expressed in terms of posterior error probability p& using the limma function eBayes*>#'. Posterior
error probability, also called local false discovery rate, is the probability that a particular gene is not
differentially expressed, given the prior probabilities of the model. The list of genes sorted by pF (in

ascending order) were analyzed for over-represented biological processes and pathways using a non-
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parametric version of Gene Set Enrichment Analysis*?“3. Denoting p&(1) the probability that a gene is not
differentially expressed in the Msi1 knockdown and p&(2) the probability that a gene is not differentially
expressed in the Msi2 knockdown, the probability that a gene is differentially expressed in both samples
was estimated as [1-p%(1)][1- p%(2)]. By the same token, the probability that a gene is differentially
expressed in the Msi1 knockdown but not in the Msi2 knockdown was estimated as [1-pF(1)]p5(2); likewise

with indices 1 and 2 switched.

RT-PCR analysis. RNA was isolated using RNeasy Micro and Mini kits (Qiagen) and converted to cDNA
using Superscript I (Invitrogen). Quantitative real-time PCR was performed using an iCycler (BioRad) by
mixing cDNAs, iQ SYBR Green Supermix (BioRad) and gene specific primers. Primer sequences are

available upon request. All real time data was normalized to actin or Gapdh.

In vivo transplantation assay and analysis. /n vivo we focused on the tumorigenic potential of Msi2
reporter cells since Msi1* cells were unable to form tumors in small numbers (100, 1000), possibly because
they are less tumorigenic or more quiescent (data not shown). Pancreatic tumors from 10-13 week-old
REM2-KP"C mice were dissociated and FACS sorted for EpCAM+/reporter+ (GFP+) and
EpCAM+/reporter- (GFP-) cells. 100, 500, 1000, or 5000 GFP+ and GFP- cells were suspended in DMEM
(Gibco, Life Technologies) containing 10% FBS, then mixed 1:1 with matrigel (BD Biosciences). Cells were
injected subcutaneously into the left or right flank or orthotopically into the tail of the pancreas of 5-8 week-
old NOD/SCID li2ry”- (NSG) recipient mice. Subcutaneous tumor dimensions were measured with calipers
every 7 days for 8-12 weeks. Tumor volume was calculated using the standard modified ellipsoid formula,
Y(Length x Width?). At endpoint, flank tumors were removed and dissociated as described above. Tumor
cells were stained with anti-mouse EpCAM antibody (eBiosciences) then analyzed for GFP expression by
flow cytometry on a FACSAria Ill machine (Becton Dickinson), and data analyzed with FlowJo software
(Tree Star). Subcutaneous tumors did not exceed 2cm in diameter as per the University of California San

Diego Institutional Animal Care and Use Committee Policy on Experimental Neoplasia.
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Patient-derived xenograft infection and in vivo transplant. Patient samples were obtained from Moores
UCSD Cancer Center from Institutional Review Board-approved protocols with written informed consent in
accordance with the Declaration of Helsinki. All knockdown experiments were conducted with the construct
shCTRL (scrambled), shMSI1, and shMSI2. Briefly, freshly dissociated (GentleMACS Dissociator, Miltenyi)
patient-derived xenograft cells were plated in RPMI-1640 with 20% FBS, 1x glutamax, 1x non-essential
amino acids, 100 IU/ml penicillin, and 100 ug/ml streptomycin. Cells were transduced with GFP-tagged
lentiviral shRNAs, and FACS analysis was performed after 24 hours on a portion of the cells; the remaining
cells were transplanted into the flank of 5-8 week-old NSG recipient mice. Tumor size was monitored by
caliper measurement, and mice were euthanized when tumors reached 2 cm in diameter. Subcutaneous
tumors did not exceed 2cm in diameter as per the University of California San Diego Institutional Animal
Care and Use Committee Policy on Experimental Neoplasia. Tumors were harvested, dissociated, and

analyzed by FACS.

RIP-qPCR. HEK 293T cells were transfected with MSCV-Flag-Msi2-IRES-tNGFR and lysed 72 hours post-
transfection. RNA-immunoprecipitation was carried out with anti-Flag antibody (Sigma-Aldrich) or control
IgG using the EZ-Magna RIP kit as per the manufacturers’ protocol (Millipore). Immunoprecipitated RNA

was converted to cDNA and analyzed for the expression of indicated genes by real-time PCR.

CLIP SEQ. Briefly, MIA PaCa-2 cells were UV cross-linked with a Stratalinker (Model 2400, Stratagene).
Cells were lysed and supernatant added to Dynabeads conjugated to MSI1 antibody (clone 14H1,
eBiosciences). CLIP library preparation and sequencing, as well as sample preparation and sequencing,
were performed as previously described*t. 73,329 unique tags were obtained from MSI1-bound targets

including tags with the binding core sequence “rUAG” site, as reported previously*.

MET rescue Assay. Using gateway technology, pPENTR-Human c-MET was engineered into the pLENTI-

PGK-PURO DEST vector. MIA PaCa-2 cells were infected with pLENTI PGK-MET or pLENTI PGK-EMPTY

virus. Following the establishment of the stable cell line over expressing c-MET; lentiviruses containing
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shRNAs for Control, MSI1, or MSI2 were delivered. Cells were sorted for GFP expression and plated into

a soft agar colony assay. Colonies were counted 14 days after plating.

in vivo and in vitro drug therapy. 9-10 week old REM2-KP"C mice were treated with Gemcitabine alone
or in combination with Crizotinib or iBet762 for 6 days. On day 6, tumors were removed, dissociated (as
described above), counted for total cellular content, stained with anti-mouse EpCAM antibody and analyzed
for reporter expression by flow cytometry. Gemcitabine (Sigma, G6423) was resuspended in H20 at
20mg/ml and delivered at 200 mg/kg or 500 mg/kg by IP injection twice over 6 days (on day 0 and 3).
Crizotinib (Seleckchem PF-02341066) was resuspended in DMSO at 50 mg/ml, diluted 1:10 in H20, and
delivered at 100 mg/kg/day for 6 days by oral gavage. iBet762 (Selleckchem S7189) was resuspended in
DMSO at 50 mg/ml, diluted 1:10 in H20, and delivered at 30 mg/kg/day by IP injection for 6 days. For in
vitro drug assay, low passage Msi2 Reporter KP7'C cells loaded with 2 uM Dil and imaged continuously for

up to 48 hours while receiving 10 uM gemcitabine treatment.

ASO inhibitors. To identify human Msi ASO inhibitors, rapid throughput screens were performed to identify
effective ASOs as previously described*®4’., ASOs were tested in full dose-response experiments to
determine potency. The top 2 most effective ASOs were chosen to test free uptake and verify target
knockdown in MIA PaCa-2 cells. The sequences of Gen 2.5 MSI1 ASOs used for the study were ASO-1,
5- ATATGATACAGGACGG -3, and ASO-2, 5- TTACATATGATACAGG -3, with underlined letters
indicating cEt modified bases. The sequence of Gen 2.5 scrambled (5'- GGCTACTACGCCGTCA -3’) ASO
with no perfect match for any known transcript was included as a negative control. (A) /n Vitro: MIA PaCa-
2 cells were treated with 0.5-20 uM of antisense compound for 24 hours, after which cells were lysed and
RNA isolated. Gene expression was assessed with Tagman probes for MSI1 and MSI2. Actin was used to
normalize all real time data. For functional testing, MIA PaCa-2 cells were plated in the colony assay as
previously described. The growth medium was supplemented with 0.25-10 uM of ASO. Cells were
supplemented weekly with fresh antisense compound. Colonies were counted 21 days after the first ASO
treatment. (B) In Vivo: 5x10° MIA PaCa-2 cells were transplanted into the flank of 5-8 week-old NSG

recipient mice. Once tumors were measureable at 2 weeks post transplant, 50 ug of either Control ASO or

63



MSI1 ASO-1 in PBS was administered intratumorally. ASOs were delivered daily over the course of the
study. Tumor measurements were recorded every 3 days. Subcutaneous tumors did not exceed 2 cm in
diameter as per the University of California San Diego Institutional Animal Care and Use Committee Policy
on Experimental Neoplasia. (C) In Vivo: In 8 week-old WT-KPf/fC mice, either Control ASO or Malat1 ASO
was delivered by intraperitoneal injection at a dose of 50 mg/kg. ASOs were delivered daily for 14 days. On
day 15, mice were sacrificed and the tumor removed. Tumors were harvested and used as follows: (1) flash
frozen for RNA isolation and gPCR analysis for Malat1; (2) placed into 4% paraformaldehyde for paraffin
embedding, sectioning, and in situ hybridization analysis for Malat1; and (3) dissociated and sorted for RNA

isolation to compare Malat1 expression in EpCAM+/ALDH+ and EpCAM+/ALDH- populations.

Tumor imaging. 11-12 week old REM-KP"C mice were anesthetized by intraperitoneal injection of
ketamine and xylazine (100/20 mg/kg). In order to visualize blood vessels and nuclei, mice were injected
retro-orbitally with AlexaFluor 647 anti-mouse CD144 (VE-cadherin) antibody and Hoechst 33342
immediately following anesthesia induction. Pancreatic tumors were removed and placed in HBSS
containing 5% FBS and 2mM EDTA. 80-100 micron images in 1024 x 1024 format were acquired with an
HCX APO L20x objective on an upright Leica SP5 confocal system using Leica LAS AF 1.8.2 software.
Videos were generated using Volocity 3D Image Analysis Software and compressed using Microsoft Video

1 compression.

Circulating tumor cell analysis. 10-13 week old REM2-KP"'C mice were anesthetized and approximately
100 pl of peripheral blood and ascites was collected in PBS containing 5mM EDTA and 2% Dextran.
Samples were incubated at 37°C and red blood cells were lysed using RBC lysis buffer (eBiosciences).
Remaining cells were stained with anti-mouse EpCAM-PE (eBiosciences) and anti-mouse CD45-PE-Cy7
(eBiosciences) antibodies. Analysis was carried out on a FACSAria Ill machine (Becton Dickinson) and

data analyzed with FlowJo software (Tree Star).

In situ hybridization. Msi1 and Msi2 mRNA were detected in tumor samples using RNAscope, an RNA in

situ hybridization method that permits signal amplification and background suppression. Human tissue was
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drop-fixed in neutral-buffered formalin and processed and embedded in paraffin. 4 um tissue sections were
collected in RNase-fee manner and dried at room temperature overnight. Staining was initiated by baking
the slides for 32 min at 60 degrees, then they were deparaffinized, subjected to antigen retrieval and treated
with protease (two sequential incubations at 65 and 75 degrees for 12 min each) to enhance probe
penetration, as described by the manufacturer (Advanced Cell Diagnostics). Msi1-specific and Msi2-
specific RNA target probe sets were generated and supplied by the manufacturer (Advanced Cell
Diagnostics). Sequential amplification steps result in a large number of horseradish peroxidase molecules
per mRNA. The probe was visualized by incubation with 3,3’ diaminobenzidine (DAB). Sections were
counterstained with hematoxylin. All steps of this procedure were performed using a Ventana Discovery

Ultra (Roche). Slides were analyzed by conventional light microscopy.

Msi1”-KP"'C Survival Curve. For the Msi1-KP"C mice, tracking survival was complicated by the
incidence of hydrocephaly observed in the knockout mice reported previously’. To avoid confounding the
data with deaths due to non-tumorigenic events, we carried out orthotopic transplants. Briefly, Msi1”-KP"'C
and WT KP"'C mice at 8 weeks of age were sacrificed and tumors collected. Tumors were divided into four
equal chunks, and then surgically transplanted into the pancreas of 8-week-old NSG mice. After surgery,

the orthotopically transplanted mice were tracked for survival.

Luciferase assay. A Lightswitch Luciferase Assay System (Active Moatif, Inc) was used for the assessment
of MSI1 regulation of cMET. Briefly, 1x10* MIA PaCa-2 cells were plated into 96 well plates and cultured
for 24 hours. 50 ng of cMET 3'UTR GoClone (S811259, Active Moitif, Inc) plasmid DNA and increasing
concentrations (0 ng, 50 ng, and 100 ng) of either PGK-GFP or PGK-MSI1 plasmid vector DNA were co-
transfected into MIA PaCa-2 cells. After 24 hours, cells were lysed using the Lightswitch Luciferase Assay
Reagent (LS100, Active Motif, Inc) and luciferase activity measured using a plate scanner (Infinite 200,

Tecan).

Caerulein-induced pancreatitis. 4-week-old C57BL/6 mice received 8 injections of 50 ug/kg caerulein

(Sigma-Aldrich) or PBS hourly each day for two consecutive days (for a total of 16 injections). Pancreata
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were isolated 2 days after the last injection, fixed in 4% paraformaldehyde and paraffin embedded according
to standard protocols. 7 um sections were obtained, deparaffinized in xylene, and stained as described

above.

Statistical analysis. Statistical analyses were carried out using GraphPad Prism software version 6.0d
(GraphPad Software Inc.). Sample sizes were determined based on the variability of pancreatic tumor
models used. Tumor bearing animals within each group were randomly assigned to treatment groups. Data
are shown as the mean + SEM. Two-tailed unpaired Student’s f-tests with Welch’s correction or One-way
analysis of variance (ANOVA) for multiple comparisons when appropriate were used to determine statistical

significance (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).

Accession codes. Microarray and RNA-seq data reported here have been deposited in the Gene

Expression Omnibus (accession GSE73312 and GSE75797).
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Figure Supplement 2.1. The Musashi genes MSI1 and MSI2 are expressed in human PDAC.

(A, top row) Representative images of a primary patient pancreatic adenocarcinoma sample stained with
anti-keratin (green), DAPI (blue), and anti-MSI1 (red) antibodies. White arrows indicate MSI1 negative cells;
yellow arrow indicates a MSI1 positive cell (A, bottom row) Representative images of a primary patient
pancreatic adenocarcinoma sample stained with anti-keratin (green), DAPI (blue), and anti-MSI2 (red)
antibodies. White dotted regions indicate MSI2 negative cells while yellow dotted regions indicate MSI2
positive cells. (B, top row) Representative images of a primary patient pancreatic adenocarcinoma sample
stained with anti-keratin (green), DAPI (blue), and anti-MSI1 (red) antibodies. White arrows indicate MSI1
negative cells; yellow arrow indicates a MSI1 positive cell. (B, bottom row) Representative images of a
primary patient pancreatic adenocarcinoma sample stained with anti-keratin (green), DAPI (blue), and anti-
MSI2 (red) antibodies. Yellow dotted region indicates MSI2 positive cells. (C, top row) Representative
images of a matched liver metastasis from a patient with pancreatic adenocarcinoma stained with anti-
keratin (green), DAPI (blue), and anti-MSI1 (red) antibodies. White arrows indicate MSI1 negative cells;
yellow arrows indicate MSI1 positive cells. (C, bottom row) Representative images of a matched liver
metastasis from a patient with pancreatic adenocarcinoma stained with anti-keratin (green), DAPI (blue),
and anti-MSI2 (red) antibodies. Yellow dotted region indicates MSI2 positive cells. (D) Quantification of
MSI1 and MSI2 expression in four patients comparing primary pancreatic adenocarcinoma to the patient
matched liver metastasis; 4 images analyzed per patient. (E) Quantification of the frequency of MSI1 and
MSI2 positive cells in four patients comparing primary pancreatic adenocarcinoma to the patient matched
liver metastasis; 4 images analyzed per patient. (F) MSI1 and (G) MSI2 expression in normal pancreas
(n=1), PanIN (n=9), and pancreatic adenocarcinoma samples (n=9). (H) Quantification of MSI2 expression
from a human tissue array comparing Grade 1 (well-differentiated, n=9), Grade 2 (moderately differentiated,
n=12), and Grade 3 (poorly differentiated, n=16) adenocarcinoma relative to normal pancreas (n=14) and
normal adjacent pancreas (n=16). (I) MSI/1 and (J) MSI2 expression in well-differentiated, moderately
differentiated, and poorly differentiated human pancreatic cancer cell lines (n=3 independent experiments).
(K) Colony formation of well-differentiated, moderately differentiated, and poorly differentiated human
pancreatic cancer cell lines (n=3 independent experiments). Data are represented as mean + SEM. Total
Magnification 200x A-B. Source Data for all panels are available online.
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Figure Supplement 2.2. Validation of Msi1 and Msi2 reporter mice.

(A) FACs analysis of Msi2 reporter expression in hematopoietic stem cells, progenitors and lineage-positive
differentiated cells. (B) Representative image of Msi1 expression in FACs sorted YFP+ neuronal cells; YFP
(green), Msi1 (red), and DAPI (blue). (C) Representative image of Msi2 expression in FACs sorted GFP+
hematopoietic cells; GFP (green), Msi1 (red), and DAPI (blue). (D-E) Msi-expression in keratin+ cells. (D)
Msi1-YFP reporter (green, white arrows) and keratin (red) staining was performed on tissue sections of
REM1-KP"C mice; (E) Msi2-GFP reporter (green, white arrows) and keratin (red) staining was performed
on tissue sections of REM2-KP'C mice. DAPI staining is shown in blue. Rare cells (<5%) were found to be
keratin-negative (possibly mesenchymal population). (F) Immunofluorescence analysis of Msi1 and Msi2
expression overlap in isolated EpCAM+ KP"'C cells (n=3, 1000 total cells analyzed from 3 independent
experiments). Data are represented as mean + SEM. () Survival of Msi reporter-KP"C and WT-KP"C mice.
Survival curves of (g) Msi1Y"P*-KP"'C (REM1-KP"'C, n=21) or WT-KP"C (n=18) mice, and (h) Msi2C -
KP7'C (REM2-KP™C, n=65) or WT-KP"C (n=54) mice. (i) Live image of Msi2 reporter cells in REM2-KP"'C
tumor; VE-cadherin (magenta), Hoescht (blue), Msi reporter (green). See also Figure 1c-d. Source Data for
all panels are available online.
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Figure Supplement 2.3. Analysis of stem cell traits in Msi1 and Msi2 reporter+ KP¥C populations.
(A) ALDH expression in reporter positive tumor cells sorted from REM1-KP"'C (top row) and REM2-KP"'C
(bottom row) mice; ALDH1 (red), DAPI (blue) and GFP or YFP (green). (B) Average ALDH expression in
bulk or Msi1 and Msi2 reporter positive tumor cells (n=3 each; 90 total cells analyzed from 3 REM1-KP"'C
and 150 total cells analyzed from 3 REM2-KP"'C). (C) Average Msi expression in ALDH+ cells from REM1-
KP7'C and REM2-KP™C tumors (n=3 independent experiments for each genotype). (D-E) Representative
images of spheres formed from (D) Msi1 and (E) Msi2 reporter+ and reporter- tumor cells. See also Figure
1g-h. (F-G) In vivo tumor growth of Msi2 reporter+ or Msi reporter- KP¥C cells at (F) 500 or (G) 1000 cells
(n=16). See also Figure 1i. (H) Survival of mice orthotopically transplanted with 10,000 Msi2 reporter+ and
reporter- KP"'C tumor cells (n=6). See also Figure 1j. Log-rank (Mantel-Cox) survival analysis (p<0.05). (I-
J) Reporter frequency in REM2-KP"C mice treated with vehicle or 200mg/kg Gemcitabine (n=3 each). See
also Figure 1m-n for high dose (500mg/kg) Gemcitabine. Data are represented as mean + SEM. *** P <
0.001 by Student’s t-test or One-way ANOVA. (K) Msi2 reporter-negative KP"'C cells do not turn on Msi2
expression following in vitro gemcitabine treatment, suggesting that Msi-reporter+ cells are differentially
resistant to Gemcitabine. Low passage Msi2 reporter KPC cells loaded with Dil were live-imaged
continuously for up to 48 hours. Representative series of images from 10uM gemcitabine treatment.
Reporter-negative cells (red); GFP reporter-positive cells (green); tracking of Msi2 reporter-negative cells
(white arrows); tracking of Msi2 reporter-positive cells (yellow arrows) (n=3 independent experiments).
Source Data for all panels are available online.
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Figure Supplement 2.4. Analysis of tumors from Msi null KP*'C mice

(A) Msi2 (green) and Keratin (red) immunofluorescent staining was performed on tissue sections from WT
pancreas (Normal, n=3 samples), KRAS®'?*Ptf1a®®* (PanIN, n=2 samples), and
KRAS®12D*+ 053 pPtf1aC* (PDAC, n=3 samples) mice with quantification of Msi2 fluorescence in Keratin
positive cells. (B) Average weights of WT-KP"'C (n=13) and Msi1”-KP"C tumors (n=9). See also Figure
2h-i. for tumor volume analysis (C) PAS and Alcian Blue stained sections of pancreata isolated from WT-
KP™'C represent areas used to identify the stages of PanINs (yellow boxes) and adenocarcinoma (red box).
(D) Tumors from 11-13 week old WT-KP"C (n=6), Msi1-KP"'C (n=3), and Msi2"-KP"C (n=3) mice were
stained and quantified for percent of Keratin+ tumor cells (red) expressing Ki67 (green); DAPI staining is
shown in blue. (E) Average weights of WT-KP"'C (n=5) and Msi2”--KP"'C tumors (n=7). See also Figure 2h-
| for tumor volume analysis. Data are represented as mean + SEM. * P < 0.05, ** P < 0.01, ** P < 0.001
by Student’s t-test or One-way ANOVA. Source Data for all panels are available online.
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Figure Supplement 2.5. Selection for escaper Msi expressing cells in Msi knockout KP'C mice
(A-C) Immunohistochemical staining for (A) IgG control (n=4), or (B-C, red) Msi2 in 13 week old WT-KP"'C
(n=4) and Msi2”"KP"'C (n=4) mice. (D) Immunohistochemical staining for Msi2 (red) in 22 week old Msi2”
KP"C mouse (n=1). (E-G) Immunohistochemical staining for (E) IgG control, (F, red) Msi1 and (G, red)
Msi2 in 15-week-old Msi17Msi2”- double knockout KP"C mouse (n=1). (H) Survival curves of Msi1"Msi2"-
-KP"'C (n=6) or WT-KP"'C tumors (n=35). Source Data for all panels are available online.
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Figure Supplement 2.6. Genome wide analysis of Msi controlled programs in pancreatic cancer
(A) Genome wide expression analysis of dissociated pancreatic tumors. Microarray analysis was performed
on RNA from 3 pairs of WT-KP"'C and Msi1-KP"C matched littermates. Heat map shows differential
expression of selected mRNAs identified as part of a stem cell associated gene signature. (B) Concordantly
(upper right and lower left quadrants) and discordantly (upper left and lower right quadrants) regulated
genes (red) in MSI1-knockdown and MSI2-knockdown MIA PaCa2 cells. (C) Gene changes specific to
MSI1-knockdown (turquoise) or MSI2-knockdown (purple) in MIA PaCa2 cells. (D) Heat maps indicating
concordant, MSI1 specific, and MSI2 specific genes. (E) Venn diagram displaying the intersection of probe
sets that are differentially regulated in MSI1-knockdown, MSI2-knockdown and double knockdown of MSI1
and MSI2 in MIA PaCa2 cells. Within scatterplots, lighter color corresponds to a probability >0.5 and the
darker color corresponds to a probability >0.75. Source Data for all panels are available online.
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Figure Supplement 2.7. Molecular targets of Msi signaling

(A-B) Real-time PCR analysis of (A) Msi1 and (B) Msi2 expression in MIA PaCa-2 human pancreatic cancer
cells relative to normal pancreas (n=3 independent experiments). (C-D) Analysis of shRNA knockdown
efficiency in GFP+ sorted MIA PaCA-2 cells infected with GFP tagged lentiviral sShRNA against scrambled
control sequences, (C) MSI1 or (D) MSI2 (n=3 independent experiments). Analysis of direct Msi targets (E)
Msi consensus binding sites in 3'UTR of Brd4, Hmga2 and c-Met transcripts. (F-G) Phospho-c-Met staining
in WT-KP"'C and (F) Msi1”-KP"'C, (G) Msi2”’--KP"C mice; Keratin (magenta), phospho-c-Met (green), DAPI
(blue). See Figure 3b-c for quantified data. (H) Colony formation of MIA PaCa-2 cells infected with empty
vector or c-MET overexpression vector (3 independent experiments) shows no impact of overexpressed c-
Met on control MIA PaCa-2 (control for c-Met mediated rescue of MSI knockdown in Figure 3f). Data are
represented as mean + SEM. *** P < 0.001, **** P < 0.0001 by Student’s t-test. Source Data for all panels
are available online.
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Figure Supplement 2.8. Analysis of impaired pancreatic cancer growth with shMSI and MSI1-ASOs
(A) Schematic for inhibiting MSI in primary patient-derived xenografts. (B-C) Frequency of GFP+ patient
tumor cells before and after transplantation. See also Figure 4a-b for Patient#1, #2. ASO delivery in vivo
(D-E) MSI1 expression following free uptake of (D) control ASO or (E) MSI1-ASO2 in human pancreatic
cancer line (n=3 per condition). See also Figure 4c for impact of MSI1-ASO1. Target knockdown efficacy
of lead optimized ASO in KP"'C stem cells (F) Malat1 expression in EpCAM+/ALDH+ and EpCAM+/ALDH-
cells following systemic delivery of lead-optimized control ASO or Malat1-ASO in autocthonous KP"C
model (n=3 independent experiments) See also Figure 4h for target knockdown in unfractionated Epcam+
cells. Analysis of potential toxicity of MSI-ASO (G) Cage weight of mice receiving daily treatment of MSI1
ASO-1 (50mg/kg) or vehicle by IP injection; 4 mice per cage; cage weight was measured every 3 days. (H)
Average body weight of mice following 3 weeks of daily treatment with MSI1 ASO-1 (50mg/kg) or vehicle
by IP injection (n=4 mice/cohort). In vivo delivery of MSI1 ASOs (50mg/kg) had no deleterious impact on
body weight and maintained plasma chemistry markers (AST, ALT, BUN, T.Bil) within 3x ULN (upper limit
of normal). (I-J) Representative images of in situ hybridization for Malat1 (purple) in pancreatic tumors
isolated from KP"C mice treated by daily IP injection with (I) control ASO (50mg/kg) or (J) Malat1-ASO
(50mg/kg) for 14 days. Source Data for all panels are available online.
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Figure Supplement 2.9. Elevated expression of Msi in pancreatitis

Msi2 expression in a caerulein-induced mouse model of pancreatitis, and in human pancreatitis. (A) Msi2
staining and (B) quantification of 10 images per group in pancreas from PBS-treated (A, top panels, n=1)
and caerulein-treated mice (A, bottom panels, n=1). (C) Msi2 immunohistochemical staining in islets (purple
circles) and acinar cells (blue squares) in caerulein or PBS treated mice (n=1 for each group). (D)
Immunofluorescent staining of Msi2 (green) in DBA+ ductal cells (red) treated with PBS (left panels) or
caerulein (right panels) (n=1 for each group); DAPI is shown in blue. (E) MSI2 expression in human tissue
arrays from patients presenting with mild chronic inflammation (n=4) and chronic pancreatitis (n=6)
compared to normal pancreas (n=14). Data are represented as mean + SEM. **** P < 0.0001 by Student’s
t-test. Source Data for all panels are available online.
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PREFACE TO CHAPTER 3:

Chapter 3, in full, was submitted for publication entitled “A multiscale map of the stem cell state in
pancreatic adenocarcinoma.” The goal of this project was to identify what drives and maintains the unique
characteristics and functional dependencies of pancreatic cancer stem cells. We did this by first defining
the transcriptomic and epigenetic signature in primary pancreatic stem and non-stem tumor cells, then
crossed that data to an unbiased dropout screen designed to identify genes that are required for stem cell
maintenance. These studies led us to discover a novel and exciting role for the retinoic acid orphan receptor,
RORYy, in promoting a stem like state in pancreatic cancer. As luck would have it, there are clinically-
approved inhibitors of RORy that we show effectively deplete cancer stem cells in vivo by disrupting critical
pro-tumorigenic signals. This results in a delay in tumor progression and improved overall survival in a
mouse model of pancreatic cancer. Thus, the work described in this chapter illuminates a promising new

therapeutic approach for pancreatic cancer patients.
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ABSTRACT

Therapy resistance and resultant relapse remain key challenges in pancreatic cancer, and are in
part driven by the inherent heterogeneity of the tumor that prevents effective targeting of all malignant cells.
To better understand the pathways that allow some cells to be more aggressive and drug resistant, we
utilized a combination of RNA-seq, ChIP-seq and genome-wide CRISPR screening to systematically map
molecular dependencies of pancreatic cancer stem cells, highly drug resistant cells that are also enriched
in the capacity to drive tumor progression. Integration of these data revealed an unexpected role for
immuno-regulatory pathways in stem cell self-renewal and maintenance in KPC tumors. In particular,
Retinoic acid receptor-related orphan receptor gamma (RORYy), a nuclear hormone receptor known for its
role in inflammatory cytokine responses and T cell differentiation®¢, emerged as a key regulator of stem
cells. RORy was not only elevated with pancreatic cancer progression, but was also genomically amplified
in a subset of pancreatic cancer patients. Functionally its inhibition via genetic approaches or small
molecule inhibitors led to a striking defect in pancreatic cancer growth in vitro and in vivo, and mitigated its
lethality. Collectively, these data reveal an unexpected co-option of immuno-regulatory signals by
pancreatic cancer stem cells, and suggest that therapeutics currently being used for autoimmune

indications should be considered for treatment of pancreatic cancer.

KEYWORDS

Cancer stem cells, stem cell signals, pancreatic cancer, RORy, retinoic acid receptor, CRISPR

screen, Musashi, tumor heterogeneity, therapy resistance, super-enhancer, H3K27ac, intravital imaging
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INTRODUCTION

While cytotoxic agents remain the standard of care for most cancers, their use is often associated
with initial efficacy, followed by disease progression. This is particularly true for pancreatic cancer, a highly
aggressive disease, where current multidrug chemotherapy regimens result in tumor regression in 30%
of patients, quickly followed by disease progression in essentially all cases’. Even in patients that present
with surgically resectable, localized disease, the 5-year survival rate remains under 40%, highlighting how
difficult it is to effectively eradicate all tumor cells. Thus, to improve patient outcome and response to
current therapies, it is important to first identify the fundamental drivers of tumor heterogeneity by

determining which cells may be preferentially drug resistant and aggressive.

In previous work, we and others have shown that subpopulations within PDAC are enriched for
the capacity to drive tumorigenesis, metastasis, and survive current therapies'*; these subpopulations
bore hallmarks of stem cells®? including their enriched ability to propagate tumors and to recreate the
heterogeneity of the primary tumor®. Although pancreatic cancer stem cells are epithelial in origin, they
frequently possess mesenchymal-like features, which may in part explain their over-representation in
circulation and ability to seed metastasis’+'%"", Importantly, cancer stem cells have been shown to be
highly resistant to cytotoxic therapies’*'2 and patients with a high cancer stem cell signature have poorer
prognosis compared to those with a low stem cell signature’'4. Recent data suggests that cancer stem
cells can also directly modulate the tumor microenvironment to be less responsive to immunotherapy'#
'8, Furthermore, targeted therapies aimed at the tumor microenvironment can lead to expansion of an
aggressive cancer stem cell population''8, and result in worse outcome. These studies highlight the
necessity to target pancreatic cancer stem cells given their capacity to survive current therapies, drive
disease relapse, and modulate tumor behavior. Although pancreatic cancer stem cells are dependent on
stem cell signals such as Musashi*, hedgehog?®, and cMet'®, and have unique metabolic requirements?,

these signals are currently difficult to effectively block and remain a clinical challenge?'-22,

Specifically PDAC stem cells are functionally distinct from the rest of the tumor not due to genetic
differences but due to epigenetic differences that promote expression of stem cell signals and maintain a

stem-like state. In certain contexts, the epigenome can determine the cell of origin of the cancer?, permit
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adaptation necessary to survive therapies?>?®, and promote a more metastatic phenotype®” 2. To this
end, chromatin regions that are preferentially open, as defined by the epigenome, permits unique
transcription factor accessibility which drives gene expression that defines the cell state?®-32. Together it
is the combination of the chromatin landscape with transcriptional effector molecules that can sustain a
cell population responsible for poor patient outcome. Elucidating the landscape and signals that are key

to maintaining that population is crucial for achieving complete and durable responses.

Here we systematically define the pancreatic cancer stem cell landscape by conducting unbiased,
genome-wide studies in primary stem and non-stem tumor cells. We utilized RNA-seq and H3K27ac ChIP-
seq® to characterize the epigenetic and transcriptomic signature that uniquely defines pancreatic cancer
stem cells. These differentially expressed programs were then integrated with a genome-wide CRISPR
dropout screen that was designed to identify broad tumor cell dependencies as well as dependencies
specific to cancer stem cells. This comprehensive approach led to the identification of an unexpected role
for immuno-regulatory signals in maintaining the pancreatic cancer stem cell state, many of which are
therapeutically actionable. In particular, the retinoic acid receptor related orphan receptor gamma (RORYy)
was identified as a critical stem cell factor. Genetic or pharmacologic blockade of RORYy led to a significant
loss of tumor propagating capacity in both human and mouse models of pancreatic cancer by disrupting
critical super-enhancer linked gene expression. Further, delivery of RORy antagonists in tumor-bearing
autochthonous pancreatic cancer mice led to a significant depletion in stem cells and improved overall
survival. Together, our studies offer a unique comprehensive map of pancreatic cancer stem cells and
identified critical vulnerabilities that may be exploited to improve therapeutic targeting of aggressive tumor

cells.
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RESULTS

In previous work, we have used the KP"'C mouse model*33¢ of pancreatic ductal adenocarcinoma
(PDAC) to show that a reporter mouse designed to mirror expression of the stem cell signal Musashi (Msi)
could effectively identify tumor cells that preferentially harbor capacity for drug resistance and tumor re-
growth?. Further, Msi2+ tumor cells were 209-fold enriched in the ability to give rise to organoids®” in limiting
dilution assays (Figure Supplement 3.1A-B). Because Msi+ cells were preferentially enriched for tumor
propagation and drug resistance, classically defined properties of cancer stem cells, we postulated that
these reporter mice could be used as a tool to understand the molecular underpinnings of this aggressive
subpopulation within pancreatic cancer.

To map the functional landscape of the stem cell state, we utilized a combination of RNA-
sequencing (RNA-seq), chromatin immunoprecipitation followed by deep sequencing (ChlP-seq) and
genome-wide CRISPR screening®®3°. Pancreatic ductal adenocarcinoma (PDAC) cells were isolated from
Msi2-reporter (REM2) KP"C mice* based on GFP and EpCAM expression and analyzed by RNA-seq
(Figure 3.1A). Principal component analysis showed that KP'C reporter+ tumor cells were strikingly distinct
from reporter- tumor cells at a global transcriptional level, indicating that they were functionally driven by a
unique set of programs defined by differential expression of over a thousand genes (Figures 3.1B-C). We
focused on the ~600 genes enriched in stem cells (Ifdr<0.2) in order to understand the transcriptional
programs that may functionally maintain the stem cell phenotype. Gene Set Enrichment Analysis (GSEA)*
was used to compare this PDAC stem cell transcriptome signature with other cell signatures®*'; this revealed
that the transcriptional state of PDAC stem cells mapped closely with other developmental and stem cell
states, indicating molecular features aligned with their observed functional traits (Figures 3.1D-E).
Additionally, the transcriptional signature of PDAC stem cells was inversely correlated with cell proliferation
signatures (Figures 3.1F-G), consistent with our finding that stem cells are largely quiescent following
chemotherapy while non-stem cells continue to cycle (Figure Supplement 3.1C). Moreover, stem cells
were characterized by metabolic signatures associated with tumor aggressiveness including increased
sulfur amino acid metabolism*?, and enhanced glutathione synthesis, which can enable survival following

radiation and chemotherapy***® (Figures 3.1H-l). Finally, the PDAC stem cell transcriptome bore striking
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Figure 3.1. Transcriptomic and epigenetic tumor cell map reveals a unique stem cell state. (A)
Schematic of overall strategy for RNA-seq and ChIP-seq of EpCAM+GFP+ (stem) and Epcam+GFP- (non-
stem) tumor cells from REM2-KP"'C mice (n=3 for RNA-seq, n=1 for ChIP-seq) (B) Principal components
analysis of KP"'C stem (blue) and non-stem (gray) cells. (C) Transcripts enriched in stem cells (red, pink)
and non-stem cells (dark blue, light blue). Pink, light blue, Ifdr<0.3; red, dark blue, Ifdr<0.1. (D-K) Gene set
enrichment analysis (GSEA) of stem and non-stem gene signatures. Cell states, and corresponding heat-
maps of selected genes, associated with development and stem cells (D,E), cell cycle (F,G), metabolism
(H,1), and cancer relapse (J,K). (D, F, H, J) Red denotes overlapping gene signatures; blue denotes non-
overlapping gene signatures. (E, G, |, K) Red, over-represented gene expression; blue, under-represented
gene expression; shades denote fold change from median values (L) Hockey stick plot of H3K27ac
occupancy, ranked by signal density. Super-enhancers in stem cells are demarcated by highest ranking
and intensity signals, above and right of dotted gray lines. Names of selected genes linked to super-
enhancers are annotated. (M) H3K27ac ChIP-seq read counts across selected genes marked by super-
enhancers unique to stem cells.
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similarities to signatures from relapsed cancers of the breast, liver, and colon, programs that may underlie
the ability of these cells to survive chemotherapy and drive tumor re-growth (Figures 3.1J-K).

In support of the significant molecular differences found in stem cells by transcriptomic analysis,
the distribution of H3 lysine-27 acetylation (H3K27ac, Figures 3.1A, Figure Supplement 3.2A), a histone
mark associated with active enhancers®?6, revealed that the differential gene expression programs were
driven by changes at the chromatin level. Thus, genomic regions enriched for H3K27ac specifically in either
stem cells or non-stem cells coincided with regions where gene expression was increased in each cell type
(Figures Supplement 3.2B-D). Because super-enhancers have been proposed to be key drivers of cell
identity®'4647 we mapped shared and unique super-enhancers in stem and non-stem cells (Figures 3.1L-
M, Figure Supplement 3.2E-F). Interestingly this revealed that not all epigenetic changes were
equivalently different between the two populations: while most promoter and enhancer-associated
H3K27ac marks were shared in both stem and non-stem tumor cells, with less than 5% being unique, super-
enhancer associated H3K27ac marks were much more frequently restricted, with 65% of all super-
enhancers being unique to each population. Further, super-enhancers in the stem cell population were
clearly demarcated by peaks with substantially greater peak intensity and strength (Figure 3.1M) while
those in non-stem cells were either shared with stem cells or only marginally more enriched in H3K27Ac
than those in stem cells (Figure not shown). These data suggest that stem cells in pancreatic cancer have
a more defined super-enhancer landscape than non-stem cells and raise the possibility that super-
enhancers and their upstream transcriptional regulators may be preferential effectors of stem cell identity
in pancreatic cancer. In support of this, key transcription factors and programs that underlie developmental
and stem cell states, such as KIif7, Foxp1, Hmga1, Meis2, Tead4, Wnt7b and Msi2, were associated with
super-enhancers in KP"C stem cells (Figures 3.1L-M).

To define which of the programs uncovered by the transcriptional and epigenetic analyses
represented true functional dependencies of stem cells, we carried out a genome-wide CRISPR screen®-%,
Thus, we established primary cell cultures highly enriched for stem cells (Figure Supplement 3.3A) from
Msi reporter-KP"C mice and transduced them with the mouse GeCKO CRISPRv2 sgRNA library® (Figure
3.2A). The screen was designed to be multiplexed in order to identify genes required in conventional 2-

dimensional cultures, as well as in 3-dimensional sphere cultures* that selectively allow stem cell growth*
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(Figure 3.2A). The screens showed clear evidence of selection, with 807 genes depleted (and thus
essential) in conventional cultures (Figures 3.2B-C, p<0.005) and an additional 178 in stem cell conditions
(Figures 3.2B, D, p<.005). Importantly, the screens showed a loss of oncogenes and an enrichment of
tumor suppressors in conventional cultures (Figures 3.2C, Figure Supplement 3.3B), and a loss of stem
cell signals and gain of negative regulators of stem signals in stem cell conditions (Figures 3.2D, Data not
shown).

Computational integration of the transcriptomic and CRISPR-based functional genomic data was
carried out using a network propagation method similar to one developed previously*®. Here, the network
was seeded with genes that were preferentially enriched in stem cells and also identified as essential for
stem cell growth in 3-dimensional sphere cultures in the CRISPR assay (Figure 3.2E). The genes most
proximal to the seeds were then determined using the mouse STRING interactome®® based on known and
predicted protein-protein interactions. The network was subsequently clustered into functional communities
based on high interconnectivity between genes; this analysis identified seven subnetworks built around
distinct biological pathways or ‘core programs’. These core programs identified stem and pluripotency
pathways, developmental and proteasome signals, lipid metabolism/nuclear receptors, cell adhesion/cell-
matrix/cell migration, and immuno-regulatory signaling as pathways integral to the stem cell state (Figure
3.2E).

Ultimately the power of such a map is the ability to provide a systems level view of new
dependencies. Thus we used the network map as a framework to select an integrated gene set based on
the transcriptomic, epigenomic and the CRISPR functional genomic analysis (Table 3.1). For example,
while many genes within the pluripotency and developmental core program were known to be important in
pancreatic cancer (e.g. elements of the Wnt, Hedgehog and Hippo pathways), many had not yet been
explored, and presented new opportunities for discovery (Figures 3.3A, L, Figure Supplement 3.4A) and
investigation as novel targets (Table 3.2). In addition, novel metabolic factors such as Sptssb, a key
contributor to sphingolipid metabolism®', and Lpin2, an enzyme involved in generation of pro-inflammatory
very-low density lipoproteins®?, were found to be critical new stem cell dependencies, implicating lipid
metabolism as a key point of control (Figures 3.3B, L). The integrated analysis also identified new gene

families as having broad regulatory patterns in pancreatic cancer: thus within the adhesion/cell-matrix core
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Figure 3.2. Genome-scale CRISPR screen identifies core stem cell programs in PDAC. (A) Schematic
of CRISPR screen. Three independent primary KP"'C lines were generated from end-stage REM2-KP'C
tumors and transduced with lentiviral GeCKO V2 library (MOI 0.3). Cells were plated in standard 2D
conditions under puromycin selection, then in 3D stem cell conditions. (B) Number of guides detected in
each replicate following lentiviral infection (gray bars), after puromycin selection in 2D (red bars), and after
3D sphere formation (blue bars). (C, D) Volcano plots of guides depleted in 2D (C) and 3D (D). Genes
indicated on plots, p<0.005. (E) Network propagation analysis integrating transcriptomic, epigenetic and
functional analysis of stem cells. Genes enriched in stem cells by RNA-seq (stem/non-stem log2 fold-change
>2) and depleted in 3D stem cell growth conditions (FDR<0.5) were used to seed the network (triangles),
then analyzed for known and predicted protein-protein interactions. Each node represents a single gene;
node color is mapped to the RNA-seq fold change; stem cell enriched genes, red; non-stem cell enriched
genes, blue; genes not significantly differentially expressed, gray. Labels are shown for genes which are
enriched in stem cells by RNA-seq and ChIP-seq (Up/Up) or enriched in non-stem cells by RNA-seq and
ChlP-seq (Down/Down); RNA logz fold change absolute value greater than 2.0, ChlP-seq FDR<0.01. Seven
core programs were defined by groups of genes with high interconnectivity; each core program is annotated
by Gene Ontology analysis (FDR<0.05).
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Figure 3.3. Identification of novel pathway dependencies of pancreatic cancer stem cells. (A-D)
Functional impact of selected network genes on KP¥C cell growth in vitro and in vivo. Genes from stem
and developmental processes (A), lipid metabolism (B), and cell adhesion, motility, and matrix components
(C-D), were inhibited via shRNA in KP"'C cells, and impact on tumor propagation assessed by stem cell
sphere assays in vitro or by tracking flank transplants in vivo. Sphere formation, n=3-6 per conditions; flank
tumor transplant, n=4 per condition. (E-l) Identification of preferential dependence on MEGF family of
adhesion proteins. (E) Heat map of relative RNA expression of MEGF family and related (*Celsr1) genes
in KPC stem and non-stem cells. Red, over-represented; blue, under-represented; color denotes fold
change from median values. (F-l) Impact of inhibiting Celsr1, Celsr2, and Pear1 in sphere forming assays
in vitro (F) and flank transplants in vivo (G-l). Sphere formation, n=3-6 per condition; flank tumor transplant,
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program (Figures 3.3C-L, Figure Supplement 3.4B), several members of the multiple EGF repeat (MEGF)
subfamily of orphan adhesion G protein coupled receptors (8 of 12 differentially expressed, Figure 3.3E)
such as Celsr1, Celsr2%, and Pear1/Jedi®* emerged as new regulators of pancreatic cancer propagation
as their inhibition potently blocked cancer propagation in vitro and in vivo (Figures 3.3F-K). These
pathways could be important to pursue in the future especially because GPCRs are frequently effective
drug targets.

An unexpected discovery from this map was the identification of immune pathways/cytokine
signaling as a core program. In line with this, retrospective analysis of the RNA-seq and ChlP-seq analysis
revealed that multiple immuno-regulatory cytokines receptors were preferentially expressed on stem cells
while their associated ligand were preferentially expressed by non-stem tumor cells (Figure 3.4A). This
was of particular interest because many genes associated with this program, such as interleukin-10 (IL-
10)%®, interleukin-34 (IL-34) and colony stimulating factor 1 receptor (CSF1R)%, have been studied primarily
in context of the tumor microenvironment, but have not been reported to be produced by, or to functionally
impact, pancreatic epithelial cells directly. To more definitively identify whether these cytokines and cytokine
receptors were co-expressed on epithelial cells, we carried out a single-cell RNA-seq from KPR'72H*C tumor
cells, an independent model of pancreatic cancer. This confirmed the presence of IL10rb, IL34 and Csf1r
on epithelial tumor cells (Figures 3.4B-C, Figure Supplement 3.4C). shRNA-mediated inhibition of IL-
10/IL10R and IL-34/CSF1R pathways, led to a striking loss of sphere forming capacity (Figures 3.4D, G),
and impaired tumor growth and propagation in vivo (Figures 3.4E-F, H). These findings demonstrate an
intriguing orthogonal co-option of inflammatory mediators by pancreatic cancer stem cells and suggest that
agents that modulate cytokine networks may directly impact their function in pancreatic cancer propagation.

To understand how the gene networks defined above are controlled, we focused on transcription
factors because of their powerful role in regulating broad hierarchical programs key to cell fate and
identity®”-%8, Of the 53 transcription factors identified within the map, 12 were found to be enriched in stem
cells by transcriptomic and epigenetic parameters (Figure Supplement 3.5A), and included several
pioneer factors3"%° known to promote tumorigenesis, such as Sox9%%6' and Foxa252%*. Among transcription
factors with no known role in pancreatic cancer (Arntl2, Nr1d1 and RORYy), only RORy was potentially

actionable with clinical-grade antagonists available®®. Importantly, at the molecular level, motif enrichment
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Figure 3.4. Pancreatic cancer stem cells are dependent on immune-type signaling. (A) Heat map of
relative RNA expression of immune-related genes in KP"C stem and non-stem cells. Red, over-
represented; blue, under-represented; color denotes fold change from median values. (B-C) Single cell
RNA-sequencing analysis of KPR'72H*C tumors. Tumor cells from 9 independent tumors (B) were assessed
for IL10rb, 1L34, and Csf1r expression (C); color denotes relative mRNA expression. (D-F) Direct impact of
cytokine signaling inhibition on pancreatic cancer stem cell propagation. Sphere forming ability in vitro and
tumor propagation in vivo of KP"C cells following shRNA knockdown of cytokine/immune signals
(IL10/1L10rb, 1L34/Csf1r). Sphere formation, n=3-6 per condition; flank tumor transplant, n=4 per condition.
(G-H) Impact of shIL10RB on human pancreatic cancer cell sphere formation (G) and in vivo tumor
propagation (H). Sphere formation, n=3; flank tumor transplant, n=4 per condition. Data represented as
mean +/- S.E.M. * p<0.05, ** p<0.01, *** p<0.001 by Student’s t-test or One-way ANOVA.
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Figure 3.5. The immuno-regulatory gene RORYy is a critical dependency of PDAC propagation. (A)
Relative gene expression of mRorc in primary isolated stem and non-stem cells from 3 independent REM2-
KP"C tumors. (B) Representative images of RORy expression in KPR'72H*C tumors. RORy (green), Keratin
(red), Dapi (blue). (C) Representative images of RORy expression in normal adjacent human pancreas
(left), PanINs (middle), and PDAC (right). RORy (green), E-Cadherin (red), Dapi (blue). (D) Quantification
of RORYy expression frequency in patient samples. Normal adjacent, n=3; pancreatitis, n=8; PanIN 1, n=10;
PanIN 2, n=6; PDAC, n=8. (E-G) Functional impact of RORy inhibition on KP'C (E, G) and KPR'72H*C (F)
tumor growth. Sphere forming capacity (E, F) and in vivo tumor propagation (G) following shRorc
knockdown. Sphere formation, n=3 per shRNA; flank tumor transplant, n=4 per condition.
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analysis revealed that RORYy sites were preferentially enriched in chromatin regions uniquely open in stem
cells relative to non-stem cells (p=0.0087, Figure Supplement 3.5B) and in open chromatin regions that
corresponded with high gene expression in stem cells (p=0.0032, Figure Supplement 3.5B). These
findings are consistent with the possibility that RORy may be important in controlling gene expression
programs that are important for defining a stem cell state in pancreatic cancer.

RORy was an unanticipated dependency as it is a nuclear hormone receptor that has been
predominantly studied in the context of T cell differentiation and T helper 17 (Th17) fate®; consistent with
this, it mapped to both the hijacked cytokine signaling/immune subnetwork and the nuclear
receptor/metabolism subnetwork (Figure 3.2E). Rory expression was low in normal murine pancreas (data
not shown), but increased in KP'C tumors and largely overlapped with stem cell populations (Figure 3.5A).
Rory was also expressed in tumor cells of KPR'72H*C tumors by immunohistochemistry (Figure 3.5B)
suggesting that it was not limited to one particular model of pancreatic cancer. Importantly Rory expression
in both mouse models was predictive of expression in human pancreatic cancer: thus while RORy was low
in normal human pancreas and pancreatitis samples, its expression increased significantly in epithelial
tumor cells with progression (Figures 3.5C-D, Figure Supplement 5C). We used shRNA-mediated
knockdown to confirm the role of RORYy identified by the genetic CRISPR-based screen. RORYy loss led to
a 3-4 fold decrease in stem cell sphere formation in vitro in KP™C cells (Figure 3.5E) and a 3-6 fold decrease
in KPR'72H+C cells (Figure 3.5F); further, KP'C tumor cells lacking RORy showed a striking defect in tumor
initiation and propagation in vivo, with an 11-fold reduction in final tumor volume (Figure 3.5G).

To understand the mechanism by which RORy could influence PDAC stem cells, we performed
RNA-sequencing analysis of low-passage KP"'C cells that had been transduced with shRNA targeting either
Rorc or control sequence. Of the genes downregulated with loss of RORY, a large fraction (~26%) contained
RORYy binding motifs in associated promoter or enhancer regions marked by H3K27ac, suggesting they
may be direct downstream targets of RORy (Figure 3.6A). Interestingly, nearly 28% of stem cell super-
enhancer linked genes were downregulated in cells lacking RORy (Figure 3.6A). Further, RORy binding
sites were disproportionately present in stem cell super-enhancers (Figure 3.6B), suggesting RORy may
preferentially control a super-enhancer network in stem cells. These super-enhancer-associated stem cell

genes that may be regulated by RORYy included potent oncogenic signals that can control cell fate such as
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Figure 3.6. RORy controls expression of super-enhancer associated oncogenes. (A) Venn diagram
of genes downregulated with loss of RORy (purple, 3277), genes associated with open chromatin regions
containing RORy binding sites (red, 3721), and genes marked by stem cell-specific super-enhancers
(green, 262). (B) Analysis of RORy binding site distribution: frequency of RORy binding sites in stem cell-
specific super-enhancers (right) and percent of genome comprised of stem cell-specific super-enhancers
(left). (C) Heat map of relative RNA expression of genes with reduced expression in Rorc-depleted cells
compared to control. Red, over-represented; blue, under-represented; color denotes fold change from
shCtrl cells (heat map represents technical triplicate). (D) H3K27ac ChlP-seq read counts for genes marked
by super-enhancers in stem cells that are downregulated following RORy inhibition in KP"'C cells.
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Msi2, KIf7, Ehf, and Vdr (Figures 3.6C-D). Taken together, these data suggest that RORYy is an upstream
regulator of a powerful oncogenic effector network controlled by super-enhancers in PDAC stem cells.

The finding that RORy was a key dependency in pancreatic cancer was particularly exciting, as
multiple inhibitors have been developed to target this pathway in autoimmune disease®. Pharmacologic
blockade of RORYy using the reverse agonist SR2211%7 led to a ~3-fold decrease in sphere formation in
KP7C cells (Figure 3.7A) and colony formation in KPR'72%*C (Figure 3.7B). SR2211 was also effective in
blocking KP"'C cancer organoid propagation (Figures 3.7C-D). To assess the impact of the inhibitor in vivo,
SR2211 alone or in combination with the standard of care chemotherapy gemcitabine was delivered to
immunocompetent mice bearing established flank tumors derived from KP"C cells (Figure 3.7E).
Combination therapy led to a 6-fold drop in total cell count and a 9.5-fold drop in total tumor cells (Figures
3.7F-G). Importantly, SR2211 effectively depleted cancer stem cells in vivo; while gemcitabine alone had
no impact on cancer stem cell burden, SR2211 led to a 3-fold loss in stem cell content, and SR2211 in
combination with gemcitabine led to an 11-fold loss (Figure 3.7H). Collectively, these data demonstrate
that RORYy is an essential dependency of pancreatic cancer stem cells and suggest that its inhibition may
synergize with chemotherapy to more effectively control advanced desmoplastic tumors that are normally
refractory to therapy.

To visualize whether RORYy blockade impacts tumor progression by targeting stem cells, SR2211
was delivered into REM2-KP"'C mice with late-stage autochthonous tumors and responses subsequently
tracked via live imaging. In vehicle-treated mice, large stem cell clusters could be readily identified
throughout the tumor based on GFP expression driven by the Msi reporter (Figures 3.71-J). SR2211 led to
a striking depletion of the majority of large stem cell clusters within 1 week of treatment (Figures 3.71-J),
with no increased necrosis observed in surrounding tissues. This provided a unique spatio-temporal view
of the impact of RORYy signal inhibition in vivo, and suggested that stem cell depletion is an early
consequence of RORy blockade. Further, RORy blockade alone led to improved overall survival in
autochthonous, tumor-bearing KP'C survival. While all 50% of vehicle treated mice succumbed to disease
by 10 weeks of age, 100% of mice that received SR2211 remained alive (Figure 3.7K).

To explore the functional relevance of RORy to human pancreatic cancer, we inhibited RORYy both

genetically and through pharmacologic inhibitors. CRISPR based disruption of RORy using 5 independent
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Figure 3.7. Pharmacologic blockade of RORy depletes pancreatic cancer stem cells.

(A-B) Sphere forming capacity of KP¥C cells (A) and colony forming capacity of KPR'72H*C (B) in the
presence of the RORy inverse agonist SR2211 or vehicle (n=3 per condition). (C-D) Representative images
(C) and quantification (D) of KP"C organoid growth in the presence of SR2211 or vehicle (n=3 per
condition). (E) Schematic of strategy for analysis of flank tumor-bearing mice treated with gemcitabine or
vehicle in combination with SR2211 or vehicle. (F-H) Analysis of flank tumor-bearing mice treated for 3
weeks. Total live cells (F), total EpCAM+ tumor epithelial cells (G), and total EpCAM+/CD133+ stem cells
(H) (n=4 for vehicle, n=2 for vehicle + gemcitabine, n=4 for SR2211, n=3 for SR2211 + gemcitabine). ()
Live imaging of REM2-KP"C mice with established tumors treated with vehicle or SR2211 for 8 days (n=2
per condition). Msi2-reporter (green), VE-Cadherin (magenta), Hoecsht (blue); Msi2-reporter+ stem cells,
gray box. (J) Quantification of stem cell clusters from REM2-KP'C live imaging (n=2 per condition; 6-10
frames analyzed per mouse). (K) Survival of KP"'C mice at 10.5 weeks of age treated with either vehicle or
SR2211 (n=4 per condition). Data represented as mean +/- S.E.M. * p<0.05, ** p<0.01, *** p<0.001 by
Student’s t-test or One-way ANOVA.
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Figure 3.8. RORy is amplified in and required for human pancreatic cancer growth. (A) Colony
formation of human pancreatic tumor cells following CRISPR mediated knockdown out RORC (sgRORC |-
V) or non-targeting sequences (I-1l). (B) Representative image of RORy expression in human pancreatic
flank tumors. RORYy (green), Keratin (red), Dapi (blue). (C) Flank tumor growth of human pancreatic cancer
cells in immunocompromised mice treated with gemcitabine with either vehicle (black) or SR2211 (blue)
(n=4 per condition). (D) Frequency of RORC ampilification detected in cancer patients (cBioportal).
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guides led to a ~3 to 9-fold loss of colony formation (Figure 3.8A). When transplanted into
immunocompromised mice, human PDAC cells formed tumors with RORy expression in a sub-fraction in
tumor cells (Figure 3.8B), which reflected expression patterns in primary patient samples (Figure 3.5C).
To test if RORYy inhibition could block human tumor growth in vivo, we transplanted human PDAC cells into
the flank region of immunocompromised mice and allowed tumors to become palpable before beginning
treatment. Compared to vehicle-treatment, SR2211 delivery was highly effective, and tumor growth was
essentially extinguished with a nearly 6-fold reduction in growth rate in mice receiving SR2211 (Figure
3.8C). These data are particularly exciting in light of the fact that analysis of the genomic makeup of
pancreatic cancer patients revealed systematic amplification of RORC in ~12% pancreatic cancer patients
(Figure 3.8D). These data raise the intriguing possibility that RORC amplification can serve as a biomarker

for patients who may be particularly responsive to RORC inhibition.

Discussion

It is an unfortunate truth that the most common outcome for pancreatic cancer patients following a
response to cytotoxic therapy is not cure, but eventual disease progression and death driven by drug
resistant stem cell-enriched populations*8°, The work we report here has allowed us to develop a
comprehensive molecular map of the core dependencies of pancreatic cancer stem cells by integrating
their epigenetic, transcriptomic and functional genomic landscape. This analysis could be invaluable as a
resource for understanding therapeutic resistance and relapse, and for discovering new vulnerabilities in
pancreatic cancer. To this end, the MEGF family of orphan receptors represent a potentially actionable
family of adhesion GPCRs, as this class of signaling receptors have been considered druggable in cancer
and other diseases’®. Importantly our epigenetic analysis revealed a significant relationship between super-
enhancer-associated genes and functional dependencies in stem cell conditions; stem cell-unique super-
enhancer associated genes were ~3.5-fold more likely to drop out in the CRISPR screen in stem cell
conditions compared to super-enhancer associated genes in non-stem cells (data not shown). This provides
additional evidence for the epigenetic and transcriptomic link to functional dependencies in cancer stem
cells, and further supports previous findings that super-enhancer linked genes may be more important for

maintaining the cell state and more sensitive to perturbation®'.
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From the screens presented here, we identified an unexpected dependence of KP"C stem cells on
inflammatory and immune mediators, such as the CSF1R/IL-34 axis and IL-10R signaling. While these
have been previously thought to act primarily on immune cells in the microenvironment®>%, our data
suggest that stem cells may have evolved to co-opt this cytokine-rich milieu, allowing them to resist effective
immune-based elimination. These findings also suggest that agents targeting CSF1R, which are under
investigation for pancreatic cancer’’, may act not only on the tumor microenvironment but also directly on
pancreatic epithelial cells themselves. Our studies also raise the possibility that therapies designed to
activate the immune system to attack tumors may have effects on tumor cells directly: just as we have
learned chemotherapy can kill tumor cells but may also impair the immune system, therapies designed to
activate the immune system such as IL-10 may also promote the growth of tumor cells. This dichotomy of
action will need to be considered in order to better optimize immunomodulatory treatment strategies.

A major new discovery driven by the network map was the identification of RORy as a key immuno-
regulatory pathway hijacked in pancreatic cancer. Prior work implicating RORy in prostate cancer’?
suggests that this pathway may not be restricted to pancreatic cancer but may be more broadly utilized in
other epithelial cancers. Surprisingly, although cytokines such as IL17, IL21, IL22, and CSF2 are known
targets of RORy in Th17 cells, none of these were downregulated in Rorc-deficient pancreatic tumor cells,
suggesting that RORy has unique context specific targets in pancreatic cancer relative to Th17 cells. Indeed
our analyses suggest that RORYy is controlling a set of potent oncogenes that are marked by super-
enhancers in stem cells, many of which are also regulators of transcription. This strongly suggests that
RORy may be critical in defining the stem cell state in pancreatic cancer.

Finally, one particularly exciting aspect of this work is the possibility that RORy represents a
potential therapeutic target for pancreatic cancer. Our data suggests that while RORYy inhibitors alone
deplete cancer stem cells in vivo, combination RORy therapy synergizes with standard induction
chemotherapy, leading to a deeper depletion in total tumor burden and cancer stem cell content. Given
inhibitors of RORYy are currently in Phase |l trials for autoimmune diseases®®, our findings suggest that

repurposing of these agents as pancreatic cancer therapies warrants further investigation.
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METHODS

Mice. REM2 (Msi2°¢FP™*) reporter mice were generated as previously described?; all of the reporter mice
used in experiments were heterozygous for the Msi2 allele. The LSL-Kras G12D mouse, B6.129S4-
Kras™™" (Stock No: 008179) and the p53flox/flox mouse, B6.129P2- Trp53™'B™J (Stock No: 008462),
were purchased from The Jackson Laboratory. Dr. Maike Sander provided Ptf1a-Cre mice as previously
described®®. Mice were bred and maintained in the animal care facilities at the University of California San
Diego. All animal experiments were performed according to protocols approved by the University of
California San Diego Institutional Animal Care and Use Committee. No sexual dimorphism was noted in all
mouse models. Therefore, males and females were equally used for experimental purposes and both sexes

are represented in all data sets.

Tissue dissociation, cell isolation, and analysis. (A) Mouse pancreatic tumors were washed in MEM
(Gibco, Life Technologies) and cut into 1-2 mm pieces immediately following resection. Tumor pieces were
collected into a 50 ml Falcon tube containing 10 ml Gey’s balanced salt solution (Sigma), 5 mg Collagenase
P (Roche), 2 mg Pronase (Roche), and 0.2 ung DNAse | (Roche). Samples were incubated for 20 minutes
at 37°C, then pipetted up and down 10 times and returned to 37°C. After 15 more minutes, samples were
pipetted up and down 5 times, then passaged through a 100 ym nylon mesh (Corning). Red blood cells
were lysed using RBC Lysis Buffer (eBioscience) and the remaining tumor cells were washed, then
resuspended in HBSS (Gibco, Life Technologies) containing 2.5% FBS and 2 mM EDTA for staining, FACS
analysis, and cell sorting. Analysis and cell sorting were carried out on a FACSAria Il machine (Becton
Dickinson), and data were analyzed with FlowJo software (Tree Star). (B) For analysis of cell surface
markers by flow cytometry, 5x10° cells were resuspended in HBSS containing 2.5% FBS and 2 mM EDTA,
then stained with FC block followed by 0.5 ul each antibody. The following antibodies were used: rat anti-
mouse EpCAM-APC (eBioscience), rat anti-mouse CD133-PE (eBioscience), and rat anti-mouse CD45-PE

and PE/Cy7 (eBioscience).

Human and mouse pancreatic cancer cell lines. (A) Mouse primary pancreatic cancer cell lines were
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established from end-stage WT- and REM2-KP"'C mice as follows: tumors were isolated and dissociated
into single cell suspension as described above, then plated in 1x DMEM containing 10% FBS, 1x pen/strep,
and 1x non-essential amino acids. At the first passage, cells were collected and resuspended in HBSS
(Gibco, Life Technologies) containing 2.5% FBS and 2 mM EDTA, then stained with FC block followed by
0.2 11g/10° cells anti-EpCAM APC (eBioscience). EpCAM+ tumor cells were sorted then re-plated for at
least one additional passage. Functional studies were performed using cell lines between passage 2 and
passage 6. (B) MIA PaCa-2 human pancreatic cancer cells were purchased from ATCC; FG and AA0779E
human pancreatic cancer cell lines were provided by Dr. Andrew Lowy. Cell lines were cultured in 1x DMEM
(Gibco, Life Technologies) containing 10% FBS, 1x pen/strep (Gibco, Life Technologies), and 1x non-

essential amino acids (Gibco, Life Technologies).

Pancreatic tumorsphere formation assay. Pancreatic tumorsphere formation assays were performed on
pancreatic tumor cells modified from Rovira, et al*®. Briefly, low-passage (<6 passages) WT or REM2-KP"'C
cell lines, or human pancreatic cancer cell lines, were infected with lentiviral particles containing shRNAs;
positively infected (red) cells were sorted 72 hours after transduction. 100-300 infected cells were
suspended in 100 yl DMEM F-12 (Gibco, Life Technologies) containing 1x B-27 supplement (Gibco, Life
Technologies), 3% FBS, 100 uM B-mercaptoethanol (Gibco, Life Technologies), 1x non-essential amino
acids (Gibco, Life Technologies), 1x N2 supplement (Gibco, Life Technologies), 20 ng/ml EGF (Gibco, Life
Technologies), 20 ng/ml bFGF2 (Gibco, Life Technologies), and 10 ng/ml ESGRO mLIF (Thermo Fisher).
Cells in media were plated in 96-well ultra-low adhesion culture plates (Costar) and incubated at 37°C for

7 days.

Organoid culture assays. (A) Limiting dilution assay in organoid culture conditions. Tumors from 10-12
week old end stage REM2-KP"'C mice were harvested and dissociated into a single cell suspension as
described above. Tumor cells were stained with FC block then 0.2 pg/10® cells anti-EpCAM APC
(eBioscience). REM2+/EpCAM+ (stem) and REM2-/EpCAM+ (non-stem) cells were sorted, resuspended
in 20 ul Matrigel (BD Biosciences, 354230) at indicated doses, and plated as a dome in a pre-warmed 48

well plate. After incubation at 37°C for 5 min, domes were covered with 300 ul PancreaCult Organoid
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Growth Media (Stemcell Technologies). Organoids were imaged and quantified 6 days later. Limiting
dilution analysis was performed as previously described’®. (B) Organoids from REM2-KP"'C were passaged
at ~1:2 as previously described® . Briefly, organoids were isolated using Cell Recovery Solution (Corning
354253), then dissociated using Accumax Cell Dissociation Solution (Innovative Cell Technologies AM105),
and plated in 20 pl matrigel (BD Biosciences, 354230) domes on a pre-warmed 48-well plate. After
incubation at 37°C for 5 min, domes were covered with 300 pl PancreaCult Organoid Growth Media
(Stemcell Technologies). SR2211 (Cayman Chemicals 11972) was resuspended in DMSO at 20 mg/ml,
diluted 1:10 in 0.9% NaCl containing 0.2% acetic acid, and further diluted in PancreaCult Organoid Media
(Stemcell Technologies) to the indicated dilutions. Organoids were grown in the presence of vehicle or
SR2211 for 4 days, then imaged and quantified. (C) Primary patient organoids were provided by Andrew
Lowy, and passaged and maintained as previously described®. Briefly, organoids were isolated using Cell
Recovery Solution (Corning 354253), then dissociated into single cell suspension with TrypLE Express
(ThermoFisher 12604) supplemented with 25 ug/ml DNase | (Roche) and 14 uM Rho Kinase Inhibitor (Y-
27632, Sigma). Cells were split ~1:2 into 20 ul domes plated on pre-warmed 48 well plates. Domes were
incubated at 37°C for 5 min, then covered with human complete organoid feeding media®” without Wnt3a-
conditioned media. SR2211 was prepared as described in (B), added at indicated doses, and refreshed
every 3 days. Organoids were grown in the presence of vehicle or SR2211 for 7 days, then imaged and

quantified. Organoids were counted using ImageJ 1.51s software.

RNA-seq, data analysis, and visualization

Stem and non-stem tumor cell isolation followed by RNA-sequencing: Tumors from 10-12 week old
REM2-KP"C mice were harvested and dissociated into a single cell suspension as described above. Tumor
cells were stained with FC block then 0.2 pg/10° cells anti-EpCAM APC (eBioscience). 70,00-100,00
REM2+/EpCAM+ (stem) and REM2-/EpCAM+ (non-stem) cells were sorted and total RNA was isolated
using RNeasy Micro kit (Qiagen). Total RNA was assessed for quality using an Agilent Tapestation, and all
samples had RIN >7.9. RNA libraries were generated from 65 ng of RNA using lllumina’s TruSeq Stranded
mRNA Sample Prep Kit following manufacturer’s instructions, modifying the shear time to 5 minutes. RNA

libraries were multiplexed and sequenced with 50 basepair (bp) single end reads (SR50) to a depth of
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approximately 30 million reads per sample on an Illlumina HiSeq2500 using V4 sequencing chemistry.
RNA-seq analysis: RNA-seq fastq files were processed into transcript-level summaries using kallisto, an
ultrafast pseudo-alignment algorithm with expectation maximization™. Transcript-level summaries were
processed into gene-level summaries by adding all transcript counts from the same gene. Gene counts
were normalized across samples using DESeq normalization’®, and the gene list was filtered based on
mean abundance, which left 13,787 genes for further analysis. Differential expression was assessed with
an R package limma’® applied to logz-transformed counts. Statistical significance of each test was
expressed in terms of local false discovery rate Ifdr’” using the limma function eBayes’®. Ifdr, also called
posterior error probability, is the probability that a particular gene is not differentially expressed, given the
data.

Cell state analysis: For cell state analysis, Gene Set Enrichment Analysis (GSEA)*® was performed with
the Bioconductor GSVA*' and the Bioconductor GSVAdata c2BroadSets gene set collection, which is the
C2 collection of canonical gene sets from MsigDB3.0*°. GSEA was performed with the following

parameters: mx.diff=TRUE, verbose=TRUE, parallel.sz=1, min.sz=5, max.sz=500, rnaseq=F.

ChlP-seq for histone H3K27ac

Stem and non-stem tumor cell isolation followed by H3K27ac ChilP-sequencing: 70,000
REM2+/EpCAM+ (stem) and REM2-/EpCAM+ (non-stem) cells were freshly isolated as described above.
ChIP was performed as described previously”. Cells were pelleted by centrifugation and crosslinked with
1% formalin in culture medium using the protocol described previously’. Fixed cells were then lysed in
SDS buffer and sonicated on a Covaris S2 ultrasonicator. The following settings were used: Duty factor:
20%, Intensity: 4 and 200 Cycles/burst, Duration: 60 seconds for a total of 10 cycles to shear chromatin
with an average fragment size of 200-400 bp. ChIP for H3K27Acetyl was performed using the antibody
ab4729 (Abcam, Cambridge, UK) specific to the H3K27Ac modification. Library preparation of eluted
chromatin immunoprecipitated DNA fragments was performed using the NEBNext Ultra || DNA library prep
kit (E7645S and E7600S- NEB) for lllumina as per the manufacturer’s protocol. Library prepped DNA was
then subjected to single-end, 75-nucleotide reads sequencing on the lllumina NexSeq500 sequencer at a

sequencing depth of 20 million reads per sample.
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H3K27ac signal quantification from ChIP-seq data: Pre-processed H3K27ac ChIP sequencing data was
aligned to the UCSC mm10 mouse genome using the Bowtie2 aligner (version 2.1.08%), removing reads
with quality scores of <15. Non-unique and duplicate reads were removed using samtools (version 0.1.16)
and Picard tools (version 1.98), respectively. Replicates were then combined using BEDTools (version
2.17.0). Absolute H3K27ac occupancy in stem cells and non-stem cells was determined using the SICER-
df algorithm without an input control (version 1.1; "), using a redundancy threshold of 1, a window size of
200bp, a fragment size of 150, an effective genome fraction of 0.75, a gap size of 200bp and an E-value of
1000. Relative H3K27ac occupancy in stem cells vs non-stem cells was determined as above, with the
exception that the SICER-df-rb algorithm was used.

Determining the overlap between peaks and genomic features: Genomic coordinates for features such
as coding genes in the mouse mm10 build were obtained from the Ensembl 84 build (Ensembl BioMart).
The observed vs expected number of overlapping features and bases between the experimental peaks and
these genomic features (datasets A and B) was then determined computationally using a custom python
script, as described in Cole et al., 201782, Briefly, the number of base pairs within each region of A that
overlapped with each region of B was computed. An expected background level of expected overlap was
determined using permutation tests to randomly generate >1000 sets of regions with equivalent lengths
and chromosomal distributions to dataset B, ensuring that only sequenced genomic regions were
considered. The overlaps between the random datasets and experimental datasets were then determined,
and p values and fold changes were estimated by comparing the overlap occurring by chance (expected)
with that observed empirically (observed). This same process was used to determine the observed vs

expected overlap of different experimental datasets.

RNA-Seq/ChlIP-Seq correlation

Overlap between gene expression and H3K27ac modification: Genes that were up- or down-regulated
in stem cells were determined using the Cuffdiff algorithm, and H3K27ac peaks that were enriched or
disfavoured in stem cells were determined using the SICER-df-rb algorithm. The H3K27ac peaks were then
annotated at the gene level using the ‘ChippeakAnno’ and ‘org.Mm.eg.db’ packages in R, and genes with

peaks that were either exclusively up-regulated or exclusively down-regulated (termed ‘unique up’ or
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‘unique down’) were isolated. The correlation between up-regulated gene expression and up-regulated
H3K27ac occupancy, or down-regulated gene expression and down-regulated H3K27ac occupancy, was
then determined using the Spearman method in R.

Creation of composite plots: Composite plots showing RNA expression and H3K27ac signal across the
length of the gene were created. Up- and down-regulated RNA peaks were determined using the FPKM
output values from Tophat2, and up- and down-regulated H3K27ac peaks were determined using the
SICER algorithm. Peaks were annotated with nearest gene information, and their location relative to the
TSS was calculated. Data were then pooled into bins covering gene length intervals of 5%. Overlapping
up/up and down/down sets, containing either up- or down-regulated RNA and H3K27ac, respectively, were

created, and the stem and non-stem peaks within these sets were plotted in Excel.

Super-enhancer identification. Enhancers in stem and non-stem cells were defined as regions with
H3K27ac occupancy, as described in Hnisz et al*®. Peaks were obtained using the SICER-df algorithm
before being indexed and converted to .gff format. H3K27ac Bowtie2 alignments for stem and non-stem
cells were used to rank enhancers by signal density. Super-enhancers were then defined using the ROSE
algorithm, with a stitching distance of 12.5kb and a TSS exclusion zone of 2.5kb. The resulting super-
enhancers for stem or non-stem cells were then annotated at the gene level using the R packages
‘ChippeakAnno’ and ‘org.Mm.eg.db’, and overlapping peaks between the two sets were determined using
‘ChippeakAnno’. Super-enhancers that are unique to stem or non-stem cells were annotated to known
biological pathways using the Gene Ontology (GO) over-representation analysis functionality of the tool

WebGestalt®,

Genome-wide CRISPR screen

CRISPR library amplification and viral preparation: The mouse GeCKO CRISPRv2 knockout pooled
library383° was acquired from Addgene (catalog# 1000000052) as two half-libraries (A and B). Each library
was amplified according to the Zhang lab library amplification protocol®®3® and plasmid DNA was purified
using NucleoBond Xtra Maxi DNA purification kit (Macherey-Nagel). For lentiviral production, 24 x T225

flasks were plated with 21x10°% 293T each in 1x DMEM containing 10% FBS. 24 hours later, cells were
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transfected with pooled GeCKOv2 library and viral constructs. Briefly, media was removed and replaced
with 12.5 ml warm OptiMEM (Gibco). Per plate, 200 ul PLUS reagent (Life Technologies), 10 ug library A,
and 10 ug library B was mixed in 4 ml OptiMEM along with 10 yg pRSV/REV (Addgene), 10 ug
pMDLg/pRRE (Addgene), and 10 ug pHCMVG (Addgene) constructs. Separately, 200 ul Lipofectamine
(Life Technologies) was mixed with 4 ml OptiMEM. After 5 minutes, the plasmid mix was combined with
Lipofectamine and left to incubate at room temperature for 20 minutes, then added dropwise to each flask.
Transfection media was removed 22 hours later and replaced with DMEM containing 10% FBS, 5 mM
MgClz, 1 U/ml DNase (Thermo Scientific), and 20mM HEPES pH 7.4. Viral supernatants were collected at
24 and 48 hours, passaged through 0.45 um filter (corning), and concentrated by ultracentrifugation at
20,000 rpm for 2 hours at 4°C. Viral particles were resuspended in DMEM containing 10% FBS, 5 mM
MgClz, and 20 mM HEPES pH 7.4, and stored at -80°C.

CRISPR screen in primary KP"C cells: 3 independent primary REM2-KP"'C cell lines were established
as described above and maintained in DMEM containing 10% FBS, 1x non-essential amino acids, and 1x
pen/strep. At passage 3, each cell line was tested for puromycin sensitivity and GeCKOv2 lentiviral titer
was determined. At passage 5, 1.6x108 cells from each cell line were transduced with GeCKOV?2 lentivirus
at an MOI of 0.3. 48 hours after transduction, 1x102 cells were harvested for sequencing (“T0”) and 1.6x108
were re-plated in the presence of puromycin according to previously tested puromycin sensitivity. Cells
were passaged every 3-4 days for 3 weeks; at every passage, 5x107 cells were replated to maintain library
coverage. At 2 weeks post-transduction, cell lines were tested for sphere forming capacity. At 3 weeks,
3x107 cells were harvested for sequencing (“2D; cell essential genes”), and 2.6x107 cells were plated in
sphere conditions as described above (“3D; stem cell essential genes”). After 1 week in sphere conditions,
tumorspheres were harvested for sequencing.

DNA isolation, library preparation, and sequencing: Cells pellets were stored at -20°C until DNA
isolation using Qiagen Blood and Cell Culture DNA Midi Kit (13343). Briefly, per 1.5x107 cells, cell pellets
were resuspended in 2 ml cold PBS, then mixed with 2 ml cold buffer C1 and 6 ml cold H20, and incubated
on ice for 10 minutes. Samples were pelleted 1300 x g for 15 minutes at 4°C, then resuspended in 1 ml
cold buffer C1 with 3 ml cold H20, and centrifuged again. Pellets were then resuspended in 5 ml buffer G2

and treated with 100 pul RNAse A (Qiagen 1007885) for 2 minutes at room temperature followed by 95 pl
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Proteinase K for 1 hour at 50°C. DNA was extracted using Genomic-tip 100/G columns, eluted in 50°C
buffer QF, and spooled into 300 pl TE buffer pH 8.0. Genomic DNA was stored at 4°C. For sequencing,
gRNA'’s were first amplified from total genomic DNA isolated from each replicate at TO, 2D, 3DV, and 3DG
(PCR1). Per 50 ul reaction, 4 yg gDNA was mixed with 25 pul KAPA HiFi HotStart ReadyMIX (KAPA
Biostystems), 1 uM reverse primer1, and 1 uM forward primer1 mix (including staggers). Primer sequences
are available upon request. After amplification (98°C 20 seconds, 66°C 20 seconds, 72°C 30 seconds,
x 22 cycles), 50 pl of PCR1 products were cleaned up using QlAquick PCR Purification Kit (Qiagen). The
resulting ~200bp products were then barcoded with lllumina Adaptors by PCR2. 5 ul of each cleaned PCR1
product was mixed with 25 ul KAPA HiFi HotStart ReadyMIX (KAPA Biostystems), 10 pl H20, 1 uM reverse
primer2, and 1 uM forward primer2. After amplification (98°C 20 seconds, 72°C 45 seconds, x 8 cycles),
PCR2 products were gel purified, and eluted in 30 ul buffer EB. Final concentrations of the desired products
were determined and equimolar amounts from each sample was pooled for Next Generation Sequencing.
Processing of the CRISPR screen data: Sequence read quality was assessed using fastqc

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Prior to alignment, 5’ and 3’ adapters flanking

the sgRNA sequences were trimmed off using cutadapt v1.11% with the 5'-adapter
TCTTGTGGAAAGGACGAAACACCG and the 3' adapter GTTTTAGAGCTAGAAATAGCAAGTT, which
came from the cloning protocols of the respective libraries deposited on Addgene
(https://www.addgene.org/pooled-library/). Error tolerance for adapter identification was set to 0.25, and
minimal required read length after trimming was set to 10 bp. Trimmed reads were aligned to the GeCKO
mouse library using Bowtie28° in the --local mode with a seed length of 11, an allowed seed mismatch of 1
and the interval function set to 'S,1,0.75". After completion, alignments are classified as either unique, failed,
tolerated or ambiguous based on the primary (‘AS’) and secondary (‘XS’) alignment scores reported by
Bowtie2. Reads with the primary alignment score not exceeding the secondary score by at least 5 points
were discarded as ambiguous matches. Read counts were normalized by using the “size-factor” method
as described in Love, et al. (2014)8% and Li et al. (2014)%. All of this was done using implementations in the
PinAPL-Py  webtool  (Spahn, et al. 2017)¥, with detailed code available at

https://github.com/LewisLabUCSD/PinAPL-Py.
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gRNA growth and decay analysis: We use a parametric method in which the cell population with
damaged gene i grows as N;(t) = N;(0)e@+3)t where qa, is the growth rate of unmodified cells and §; is
the change of the growth rate due to the gene deletion. Since the aliquot extracted at each time point is
roughly the same and represents only a fraction of the entire population, the observed sgRNA counts n; do
not correspond to N; directly. The correspondence is only relative: if we define ¢; =n;/Yn, as the
compositional fraction of sgRNA species i, the correspondence is c; = N; ), N,. As a result, the exponential
can only be determined up to a multiplicative constant, e=%¢ = A - ¢;(0)/c;(t). The constant is determined
from the assumption that a gene deletion typically does not affect the growth rate. Mathematically, 1 =
A med[c;(0)/c;(t)]. We define the statistic that measures the effect of gene deletion as x; = e~% and
calculate it for every gene i from

¢;(0)
=4 ()

Since we are interested in genes essential for growth, we will perform a single-tailed test for x;. We collect
the three values of x;, one from each biological replicate, into a vector x;. A statistically significant effect
will have all three values large (>1) and consistent. If x; were to denote position of a point in a three-
dimensional space, we would be interested in points that lie close to the body diagonal and far away from
the origin. A suitable statisticis s = (x-n)? — [x — (x - n)n]?, where n = (1,1,1)/+/3 is the unit vector in the
direction of the body diagonal and - denotes scalar product. A g-value (false discovery rate) for each gene
is estimated as the number of s-statistics not smaller than s; expected in the null model divided by the
observed number of s-statistics not smaller than s; in the data. The null model is simulated numerically by
permuting gene labels in x; for every experimental replicate, independently of each other, repeated 103
times.

STRING Interactome Network Analysis: The results from the CRISPR 3DV experiment were integrated
with the RNA-seq results using a network approach. We identified likely CRISPR-essential genes by filtering
to include genes which had a false-discovery rate corrected p-value of less than 0.5, resulting in 94 genes.
We chose a relaxed filter here because the following filtering steps will help eliminate false positives, and
our network analysis method helps to amplify weak signals. These genes were further filtered in two ways:

first, we included only genes which were expressed in the RNA-seq data (this resulted in 57 genes), and
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second, we further restricted by genes which had enriched expression in stem cells by >2 log fold change
in the RNA-seq (this resulted in 10 genes). These results are used to seed the network neighborhood
exploration. We used the STRING mouse interactome® as our background network, including only high
confidence interactions (edge weight > 700). The STRING interactome contains known and predicted
functional protein-protein interactions. The interactions are assembled from a variety of sources, including
genomic context predictions, high throughput lab experiments, and co-expression databases. Interaction
confidence is a weighted combination of all lines of evidence, with higher quality experiments contributing
more. The high confidence STRING interactome contains 13,863 genes, and 411,296 edges. Because not
all genes are found in the interactome, our seed gene sets are further filtered when integrated with the
network. This results in 39 CRISPR-essential, RNA-expressed seed genes, and 5 CRISPR-essential, RNA
differentially-expressed seed genes. After integrating the seed genes with the background interactome, we
employed a network propagation algorithm to explore the network neighborhood around these seed genes.
Network propagation is a powerful method for amplifying weak signals by taking advantage of the fact that
genes related to the same phenotype tend to interact®. We implement the network propagation method
developed in*®, which simulates how heat would diffuse, with loss, through the network by traversing the
edges, starting from an initially hot set of ‘seed’ nodes. At each step, one unit of heat is added to the seed
nodes, and is then spread to the neighbor nodes. A constant fraction of heat is then removed from each
node, so that heat is conserved in the system. After a number of iterations, the heat on the nodes converges
to a stable value. This final heat vector is a proxy for how close each node is to the seed set. For example,
if a node was between two initially hot nodes, it would have an extremely high final heat value, and if a node
was quite far from the initially hot seed nodes, it would have a very low final heat value. This process is
described by the following (as in Vanunu et al.*®):
Ft=W'F" 14+ (1-a)Y

Where Ftis the heat vector at time t, Y is the initial value of the heat vector, W' is the normalized adjacency
matrix, and a € (0,1) represents the fraction of total heat which is dissipated at every timestep. We examine
the results of the subnetwork composed of the 500 genes nearest to the seed genes after network
propagation. This will be referred to as the ‘hot subnetwork’. In order to identify pathways and biological

mechanisms related to the seed genes, we apply a clustering algorithm to the hot subnetwork, which
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partitions the network into groups of genes which are highly interconnected within the group, and sparsely
connected to genes in other groups. We use a modularity maximization algorithm for clustering®®, which
has proven effective in detecting modules, or clusters, in protein-protein interaction networks®®®!, These
clusters are annotated to known biological pathways using the over-representation analysis functionality of
the tool WebGestalt®3. We use the 500 genes in the hot subnetwork as the background reference gene
set. To display the networks, we use a spring-embedded layout, which is modified by cluster membership
(along with some manual adjustment to ensure non-overlapping labels). Genes belonging to each cluster
are laid out radially along a circle, to emphasize the within cluster and between cluster connections.
VisJS2jupyter®? was used for network propagation and visualization. Node color is mapped to the RNAseq
log fold change, with down-regulated genes displayed in blue, upregulated genes displayed in red, and
genes with small fold changes displayed in gray. Labels are shown for genes which have a log fold change
with absolute value greater than 3.0. Seed genes are shown as triangles with white outlines, while all other
genes in the hot subnetwork are circles. The clusters have been annotated by selecting representative

pathways from the enrichment analysis.

KPR172HC single cell analysis. Freshly harvested tumors from KPC (LSL-Kras®'?P*; | SL-Trp53R72M*; Pdx-
1-Cre) mice were subjected to mechanical and enzymatic dissociation using a Miltenyi gentleMACS Tissue
Dissociator to obtain single cells. The 10X Genomics Chromium Single Cell Solution was employed for
capture, amplification and labeling of mRNA from single cells and for scRNA-Seq library preparation.
Sequencing of libraries was performed on a lllumina HiSeq 2500 system. Sequencing data was input into
the Cell Ranger analysis pipeline to align reads and generate gene-cell expression matrices. Finally,
Custom R packages were used to perform gene-expression analyses and cell clustering projected using
the t-SNE (t-Distributed Stochastic Neighbor Embedding) clustering algorithm.

scRNA-seq datasets from two independent KPC PDAC tumor tissues generated on 10xGenomics
platform were merged and utilized to explore and validate the molecular signatures of the tumor cells under
dynamic development. The tumor cells that are used to illustrate the signal of 1110rb, 1134 and Csf1r etc. are
characterized from the heterogeneous cellular constituents using SuperCT method developed by Dr. Wei

Lin and confirmed by the Seurat FindClusters with the enriched signal of Epcam, Krt19 and Prom1 etc. The
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tSNE layout of the tumor cells is calculated by Seurat pipeline using the single-cell digital expression

profiles.

shRNA lentiviral constructs and production. Short hairpin RNA (shRNA) constructs were designed and
cloned into pLV-hU6-mPGK-red vector by Biosettia. The target sequences are listed in Supplementary
Table 1. Virus was produced in 293T cells transfected with 4 ug shRNA constructs along with 2 ug
pRSV/REV, 2 ug pMDLg/pRRE, and 2 ug pHCMVG constructs. Viral supernatants were collected for two

days then concentrated by ultracentrifugation at 20,000 rpm for 2 hours at 4°C.

RT-gPCR analysis. RNA was isolated using RNeasy Micro and Mini kits (Qiagen) and converted to cDNA
using Superscript I (Invitrogen). Quantitative real-time PCR was performed using an iCycler (BioRad) by
mixing cDNAs, iQ SYBR Green Supermix (BioRad) and gene specific primers. Primer sequences are

available in Supplementary Table 2. All real time data was normalized to B2M or Gapdh.

Flank tumor transplantation studies. (A) shRNA-infected pancreatic tumor cell propagation in vivo. Cells
were infected with lentiviral particles containing shRNAs, then positively infected (red) cells were sorted 72
hours after transduction. 1000 low passage, shRNA-infected KP"'C or 2x10° shRNA-infected human
pancreatic cancer cells were resuspended in 50 pl culture media, then mixed 1:1 with matrigel (BD
Biosciences, 354230). Cells were injected subcutaneously into the left or right flank of 5-8 week-old
NOD/SCID recipient mice. Subcutaneous tumor dimensions were measured with calipers 1-2x weekly for
6-8 weeks. (B) Drug-treated KP"'C flank tumors. 2x10* low passage REM2-KP"'C tumor cells were
resuspended in 50 pl culture media, then mixed 1:1 with matrigel (BD Biosciences, 354230). Cells were
injected subcutaneously into the left or right flank of 5-8 week-old non-tumor bearing, immunocompetent
littermates. Tumor growth was monitored twice weekly; when tumors reached 0.1-0.3 cm?®, mice began
treatment and were treated for 3 weeks as described below. After 3 weeks of therapy, tumors were
removed, weighed, dissociated, and analyzed by flow cytometry. Tumor volume was calculated using the

standard modified ellipsoid formula %2 (Length x Width?).
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Immunofluorescence staining. (A) Pancreatic cancer tissue from KP"'C mice was fixed in Z-fix (Anatech
Ltd, Fisher Scientific) and paraffin embedded at the UCSD Histology and Immunohistochemistry Core at
The Sanford Consortium for Regenerative Medicine according to standard protocols. 5 um sections were
obtained and deparaffinized in xylene. (B) Human pancreas paraffin embedded tissue array was acquired
from US Biomax, Inc (BIC14011a). For paraffin embedded mouse and human pancreas tissues, antigen
retrieval was performed for 40 minutes in 95-100°C 1x Citrate Buffer, pH 6.0 (eBioscience). Sections were
blocked in PBS containing 0.1% Triton X100 (Sigma- Aldrich), 10% Goat Serum (Fisher Scientific), and 5%
bovine serum albumin (Invitrogen). (C) Human pancreatic cancer cell lines were suspended in DMEM
(Gibco, Life Technologies) supplemented with 50% FBS and adhered to slides by centrifugation at 500 rpm.
24 hours later, cells were fixed with Z-fix (Anatech Ltd, Fisher Scientific), washed in PBS, and blocked with
PBS containing 0.1% Triton X-100 (Sigma-Aldrich), 10% Goat serum (Fisher Scientific), and 5% bovine
serum albumin (Invitrogen). All incubations with primary antibodies were carried out overnight at 4°C.
Incubation with Alexafluor-conjugated secondary antibodies (Molecular Probes) was performed for 1 hour
at room temperature. DAPI (Molecular Probes) was used to detect DNA and images were obtained with a
Confocal Leica TCS SP5 Il (Leica Microsystems). The following primary antibodies were used: chicken anti-
GFP (Abcam, ab13970) 1:500; rabbit anti-RORy (Thermo Fisher, PA5-23148) 1:500, mouse anti-E-

Cadherin (BD Biosciences, 610181).

In vivo and in vitro drug therapy. The RORy inverse agonists SR2211 (Cayman Chemicals, 11972) was
resuspended in DMSO at 20 mg/ml, then mixed 1:20 in 8% Tween80-PBS, 1:20 in corn oil, or 1:10 in 0.9%
NaCl with 0.2% acetic acid prior to use. Gemcitabine (Sigma, G6423) was resuspended in H20 at 20 mg/ml,
then mixed with PBS prior to use. (A) For in vitro drug studies, low passage (<6 passage) WT- or REM2-
KP™C cells, (<10 passage) KPR'72H*C cells, or human pancreatic cancer cells were plated in non-adherent
tumorsphere conditions or Matrigel colony conditions for 1 week in the presence of SR2211 or vehicle. (B)
For flank tumor bearing KP"C littermates, mice were treated with either vehicle (PBS) or gemcitabine (25
mg/kg i.p., 1x weekly) alone, or in combination with vehicle (5% DMSO, 8% Tween80-PBS) or SR2211 (10
mg/kg i.p., daily) for 3 weeks. (C) For immunocompromised mice bearing flank human pancreatic (FG)

cells, mice were treated with either vehicle (5% DMSO in corn oil) or SR2211 (10 mg/kg i.p., daily) for 2.5
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weeks. All flank tumors were measured 2x weekly and mice were sacrificed if tumors were >2cm3, in
accordance with IACUC protocol. (D) For KP"C autochthonous survival, 8 week old tumor bearing KP"C
mice were enrolled in either vehicle (10% DMSO, 0.9% NaCl with 0.2% acetic acid) or SR2211 (20 mg/kg

i.p., daily), and treated until moribund.

Tumor imaging. 9.5-10.5 week old REM2-KP"'C mice were treated either vehicle or SR2211 (10 mg/kg
i.p., daily) for 8 days. For imaging, mice were anesthetized by intraperitoneal injection of ketamine and
xylazine (100/20 mg/kg). In order to visualize blood vessels and nuclei, mice were injected retro-orbitally
with AlexaFluor 647 anti-mouse CD144 (VE-cadherin) antibody and Hoechst 33342 immediately following
anesthesia induction. After 25 minutes, pancreatic tumors were removed and placed in HBSS containing
5% FBS and 2mM EDTA. 80-150 um images in 1024 x 1024 format were acquired with an HCX APO L20x
objective on an upright Leica SP5 confocal system using Leica LAS AF 1.8.2 software. GFP cluster sizes

were measure using Imaged 1.51s software.

cBioportal. RORC genomic amplification data from cancer patients was collected from the Memorial Sloan

Kettering Cancer Center cBioPortal for Cancer Genomics (http://www.cbioportal.org).

Statistical analysis. Statistical analyses were carried out using GraphPad Prism software version 7.0d
(GraphPad Software Inc.). Sample sizes were determined based on the variability of pancreatic tumor
models used. Tumor bearing animals within each group were randomly assigned to treatment groups. Data
are shown as the mean + SEM. Two-tailed unpaired Student's t-tests with Welch's correction or One-way
analysis of variance (ANOVA) for multiple comparisons when appropriate were used to determine statistical

significance (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).

Data availability. Further information on experimental design is available in the Nature Research Reporting
Summary linked to this paper. The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request. H3K27ac ChlP sequencing data have been

deposited at NCBI GEO (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113712).
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Figure Supplement 3.1. REM2+ tumor cells preferentially drive organoid establishment. (A)
Representative images of primary isolated REM2+ and REM2- tumor cells plated in organoid growth
conditions. (B) Organoid forming frequency of REM2+ (1 in 12.4) and REM2- (1 in 2591.8) tumor cells from
limiting dilution analysis. (C) Histologic analysis of REM2+ and REM2- tumor cell proliferation frequency (%
of cells expressing Ki67) from mice treated with gemcitabine every 3 days.
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A. Overlapping features B.  Stem Cell RNA-seq/H3K27ac C. Non-Stem Cell RNA-seq/H3K27ac
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Figure Supplement 3.2. H3K27ac ChlIP-seq is concordant with RNA-seq in stem and non-stem cells.
(A) Overlap of H3K27ac peaks and genomic features. For each genomic feature, frequency of H3K27ac
peaks in stem cells (blue) and non-stem cells (gray) are represented as ratio of observed peak
distribution/expected random genomic distribution. (B) Concordance of H3K27ac peaks with RNA
expression in stem (B; p=7.1x10""%) and non-stem cells (C; p<22x107'6). (C) Ratio of observed/expected
overlap in gene expression and H3K27ac enrichment comparing stem and non-stem cells. Down/Up, gene
expression enriched in non-stem/H3K27ac enriched in stem; Up/Down, gene expression enriched in
stem/H3K27ac enriched in non-stem; Down/Down, both gene expression and H3K27ac enriched in non-
stem; Up/Up, both gene expression and H3K27ac enriched in stem. (E) Hockey stick plot of H3K27ac
occupancy, ranked by signal density. Super-enhancers in stem and non-stem cells are demarcated by
highest ranking and intensity signals, above and right of dotted gray lines. Names of selected genes linked
to super-enhancers are annotated (stem, black; non-stem, blue). (F) H3K27ac ChlP-seq read counts across
selected genes marked by super-enhancers shared in stem cells (red) and non-stem cells (blue).
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A. REM2-KP?'C Tumor Cell line B. Genes enriched in
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Figure Supplement 3.3. Cell line establishment for CRISPR screen . (A) Establishment of three
independent REM2-KP™'C cell lines from end-stage REM2-KP"'C mice for genome-wide CRISPR-screen
analysis Stem cell content of freshly-dissociated REM2-KP"C tumors (A, left), and after puromycin selection
in standard growth conditions (A, right). (B) Volcano plots of guides enriched for in 2D. Genes indicated on
plots, p<0.01.
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Novel regulators of cancer stem cells

A. Stem/developmental B. Cell adhesion, cell motility,
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Figure Supplement 3.4. Identification of novel regulators of cancer stem cells. (A-B) Sphere forming
capacity of KP"C cells following shRNA knockdown. Selected genes involved in stem and developmental
processes (A) or cell adhesion, cell motility, and matrix components (B). Data represented as mean +/-
S.E.M. * p<0.05, ** p<0.01, *** p<0.001 by Student’s t-test or One-way ANOVA. (C) Single cell mMRNA
expression map of epithelial tumor markers (Epcam, Krt19, and Cdh1) and mesenchymal tumor cells
(Cdh2) from KPR'2%+C tumor single-cell sequencing. Color denotes relative mMRNA expression.
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A. Transcription factors identified
in CRISPR screen network
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Figure Supplement 3.5. Transcription factors identified in CRISPR interactome. (A) Heat map of
relative RNA expression of transcription factors identified in the CRISPR interactome and enriched in KP"C
stem cells. Red, over-represented; blue, under-represented; color denotes fold change from median values.
(B) Analysis of RORy binding motifs in genomic regions marked by H3K27ac. Up/up, RNA expression and
H3K27ac marks enriched in stem cells; down/down, RNA expression and H3K27ac enriched in non-stem
cells. (C) Immunofluorescent analysis of RORy expression in stroma of pancreatitis, PanINs, or PDAC from

human tissue samples.

B.

RORy binding motif analysis

p-value

“up/up” regions 0.0032

“down/down” regions 0.4842

Unique stem cell enriched H3K27ac | 0.0087
Unique non-stem cell enriched H3K27ac | 0.889
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Table 3.1. Selected genes from stem cell networks.

Cell migration/Cell adhesion/Cell matrix interactions Development/Pluripotency/Stem cell signals
RNA-seq fold change | H3K27ac CRISPR RNA-seq fold change | H3K27ac CRISPR
Gene name (stem/non-stem) ChlIP-seq screens Gene name (stem/non-stem) ChiIP-seq screens
Sftpd 42.427 Up - Car2 22.3120000 Up -
Tff1 26.019 Stem cell SE - Onecut3 19.2840000 Stem SE -
Muc4 24.882 Up - En1 12.0350000 Up v 2D
Crb3 10.083 Up v 3D Sox4 7.136 N.D. v v v 3D
Celsr1 9.194 Up v 3D Smo 4.2020000 Up VvV 3D
Cldn6 8.211 Up v 3D Mapk11 4.032 Stem SE v 3D
Lama5 8.087 Stem cell SE Whnt9a 1.562 v 3D
Pard6b 7.549 Stem cell SE / ; 2D3D Psmd4 1.299 Up / ; gDZD
Cldn3 7.254 Stem cell SE v 3D Psmb1 1.275 Up / ; ':/,’DZD
Celsr2 5.629 Up - Foxo1 1.1840000 Up Vv v 3D
Pear1 4.417 Up v 3D Psmc3 1.045 Up / ; .gDzo
Smo 4.202 Up v v v 3D Psma7 -1.110 N.D. v 3D
Rhof 1.789 Stemcell SE| v v v 3D
Ligi1 1.506 Up v/ 3D
Calm1 -1.239 Stem cell SE v 3D
Cytokine signaling/lmmune pathways Lipid metabolism/Nuclear receptor pathways
RNA-seq fold change | H3K27ac CRISPR RNA-seq fold change | H3K27ac CRISPR
Gene name Gene name
(stem/non-stem) ChlIP-seq screens (stem/non-stem) ChlIP-seq screens
Gkn1 39.77 Up - Sptssb 30.999 Up -
Gkn3 29.339 Up - Rorc 7.598 Up v v v 3D
Sult1c2 23.634 Up - Arntl2 6.592 Up v 3D
1134 6.586 Stem cell SE - Med18 2.077 v 3D
Akt1 -1.400 Stem cell SE v 3D Lpin2 1.847 Shared SE -
1115 -1.587 Down v 3D Bhlhe41 1.737 Stem cell SE v 3D

Table 3.1. Table shows selected genes from stem cell networks identified by enriched gene expression in stem cells

(RNA-seq), preferentially open (H3K27ac ChIP-seq), or essential for growth (CRISPR screens). RNA-seq: fold change indicates
expression in stem/non-stem. H3K27ac ChlP-seq: up indicates H3K27ac peaks enriched in stem cells; Stem cell SE, super-enhancer
unique to stem cells; Shared SE, super-enhancer in both stem and non-stem cells; N.D., H3K27ac not detected. CRISPR screens; 2D,

conventional growth conditions; 3D, stem cell conditions; v v v/, p<0.005; v/, gene ranks in top 10% of depleted guides (p<0.049 for 2
p<0.092 for 3D); -, gene not in top 10% of depleted.
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Table 3.2. Novel Drug Targets in Pancreatic Cancer

Target Core program Known function Drug/Compound in vitro s;.)here in vivo tumor
formation growth
ROR-y | Immune/cytokine signaling nuclear receptor SR2211 IS a4
IL-10 Immune/cytokine signaling cytokine AS101 Y -
Dusp Developmental pathways phosphatase BCl &4 -
Wnk4 Developmental pathways serine/threonine kinase Wnk463 X4 ND
Myo5 Cell motility/migration myosin Pentabromopseudilin Va4 ND
IL-7 Immune/cytokine signaling cytokine Anti-IL7 v -
g superfamily membrane
CD83 Immune/cytokine signaling protein GC7 v ND
Cxcl2 Immune/cytokine signaling chemokine Danirixin - ND
Drd2/3 | Immune/cytokine signaling dopamine receptor Eticlopride - -

/' dose response observed; growth suppressed by 8-fold or more relative to control

VvV dose response observed; growth suppressed between 4-fold and 8-fold relative to control

v/ dose response observed; growth suppressed by less than 4-fold relative to control

V: response observed only at highest drug dose tested

— : no detectable response

ND: not determined
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CHAPTER 4

Examination of tumor cell behavior in response to target inhibition using intravital imaging

Nikki K. Lytle

The following chapter is a compilation of imaging experiments that contributed to manuscripts published
in Cancer Cell 2016, Cell Stem Cell 2015, Proc Natl Acad Sci 2014, and Cancer Cell 2018.
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PREFACE TO CHAPTER 4:

Chapter 4, in part, is a compilation of experiments published in (1) Cancer Cell entitled “CD98-
mediated adhesive signaling enables the establishment and propagation of acute myelogenous leukemia,”
(2) Cell Stem Cell entitled “Tetraspanin 3 is required for the development and propagation of acute
myelogenous leukemia,” (3) Proc Natl Acad Sci entitled “Ubiquitin-conjugating enzyme Ubc13 controls
breast cancer metastasis through a TAK1-p38 MAP kinase cascade,” and (4) Cancer Cell entitled
“Epigenetic and transcriptomic profiling of mammary gland development and tumor models disclose
regulators of cell state plasticity.” Intravital imaging provides a unique and powerful platform to gain insight
into signals that sustain and drive aggressive tumor cell behaviors. Early in my graduate training, | was able
to learn in vivo imaging of calvarial bone marrow and normal pancreas. In both cases, mice are kept alive,
but anesthetized, and the techniques were developed in a way to minimize disruption of blood flow and
optimize tissue viability. | adapted these principals to image early stage KP"'C tumors, which provided early
tumorigenic insight in an autochthonous setting, and flank-transplanted tumors, which allowed me to track
solid tumor cell metastatic behaviors. | am grateful to Joi Weeks, Claire Koechlein, and Ray Fox, who were
all critical in developing the original intravital imaging techniques in the Reya lab, and were wonderful

teachers to me and others.
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ABSTRACT:

Metastatic Breast Cancer and Acute Myelogenous Leukemia, although seemingly very different in
their disease development and trajectory, are both highly difficult to treat and associated with very poor
prognosis. Moreover, studies in both of these cancers have suggested that tumor cell behaviors are
dependent on signals from the tumor microenvironment. However, many of these studies were primarily
based on in vitro co-culture experiments that may be heavily influenced by artificial growth conditions. The
findings presented here first identified signals required for normal disease progression and maintenance in
either metastatic breast cancer or leukemia. By performing intravital imaging in disease lacking these
essential signals, we were able to uncover surprising tumor cell behaviors that provided insight into the
functional role for each potential target. To this end, leukemia lacking either CD98 or Tspan3 was
significantly mis-localized: the majority of disease was no longer in bone marrow regions with supportive
niche factors necessary for leukemia stem cell maintenance. Ubc13 inhibition in metastatic breast cancer
completely blocked lung metastases, but surprisingly had no impact on tumor cell intravasation, survival in
circulation, or extravasation. Finally, breast cancer cells expressing Sox10, a factor that promotes high cell
plasticity, were uniquely more migratory and invasive in vivo. Together, these findings highlight the power

of disrupting microenvironmental or intrinsic signals that support an aggressive tumor cell phenotype.

KEYWORDS

Intravital imaging, cancer stem cells, stem cell signals, stem cell niche, Musashi, CD98, tetraspanin,
acute myeloid leukemia, Sox10, Ubc13, circulating tumor cells, tumor cell dissemination, intravasation,

tumor cell migration, breast cancer, cell state reprogramming
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CD98-MEDIATED ADHESIVE SIGNALING ENABLES THE ESTABLISHMENT AND PROPAGATION OF
ACUTE MYELOGENOUS LEUKEMIA

Introduction

The microenvironment that surrounds cancer cells can play a critical regulatory role in malignant
growth and expansion. Early studies in breast cancer using both 3D cultures and in vivo approaches
identified a role for stromal elements such as fibroblasts, vascular cells, and the extracellular matrix in
sustaining tumor growth and dissemination, in part by activating transforming growth factor b, SDF1-
a/CXCR4 signaling pathways, and through the release of metalloproteinases'3. Further, epithelial
interactions with extracellular matrix components were subsequently shown to be necessary for effective
dissemination and metastasis of breast cancers*®, and to contribute to chemoresistance®. Recent studies
have challenged the dogma that the microenvironment is always supportive of oncogenesis by showing
that targeted depletion of stromal cells can enhance pancreatic cancer growth’. Although leukemic cells
experience less anchorage than solid tumor cells, and are often thought to not be as spatially restricted,
they do grow and reside within the bone marrow surrounded by a large network of microenvironmental
cells. However, the specific molecular cues that drive the engagement of leukemia cells with the
microenvironment, and their role in sustaining and promoting oncogenesis, remain poorly understood.

To address these key questions we have focused on CD98, a molecule that amplifies adhesive
signals induced by a variety of extracellular matrix components through interactions with integrins'®'!, and
plays an important regulatory role in assembly of a fibronectin matrix'?. Because of its role in mediating
signals from multiple integrins, blocking CD98 can impair a broad spectrum of adhesive signals and be a
powerful approach to disrupting interactions of cancer cells with their microenvironment. CD98 is highly
expressed in many solid tumors, and its expression associated with poor prognosis'. The functional
relevance of CD98 has primarily been tested in context of solid cancer cell lines. For example, ectopic
expression of CD98 can transform epithelial cell lines such as CHO'™ and NIH3T3'S and promote their
anchorage-independent growth and tumor formation in immunocompromised mice, while inhibitory
antibodies against CD98 can block the proliferation of bladder cancer cell lines'®. Further, the inhibition of
a CD98 light chain (LAT1) can affect proliferation of breast and lung cancer cell lines by impairing amino

acid transport'”'®, The development of a conditional Sic3a2 (referred to as Cd98hc) allele’? has allowed
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genetic analysis of the role of CD98. Cd98hc deletion can prevent the formation of embryonic stem cell
teratomas' and squamous cell carcinomas'®, and heterozygous loss of Cd98hc reduces intestinal
adenoma formation?®. However, the role of CD98 in hematologic malignancies and the relative contribution
of adhesive signaling and amino acid transport functions to cancer have not been examined. To address
this, we tested whether CD98 controls the establishment and propagation of primary leukemia cells within
their native microenvironment by using both a genetic approach and the delivery of a newly developed

therapeutic in the context of de novo acute myelogenous leukemia (AML).

Results

CD98 in De Novo AML Initiation and Maintenance

We tested the importance of CD98 in leukemogenesis using a mixed-lineage leukemia fusion

protein (MLL)-driven model of de novo AML, a highly drug-resistant disease in adults and children. Because

MLL-driven AML often presents with NRAS mutations, we used MLL-AF9 and NRASC12V oncogenes to
establish myeloid leukemia with Cd98hc™" cells (Figure Supplement 4.1A). CD98 loss led to a marked
increase in survival (565%) relative to controls (0%) (Figure Supplement 4.1A), indicating that CD98 is
important for MLL-leukemia initiation. To determine whether continued AML propagation requires CD98,
we assessed the capacity of sorted cKit" leukemia cells to propagate disease (Figure Supplement 4.1B).
Tamoxifen-induced CD98 loss led to a dramatic reduction in the number of leukemic colonies formed in
vitro (Figure Supplement 4.1C) and significantly increased the median survival of mice transplanted with
cKit" AML cells from 21.5 days to 33 days (Figure Supplement 4.1D). These data indicate that abrogating
CD98 expression reduced morbidity from established disease. Serial transplantation of CD98” cKit*
leukemia cells not only impaired self-renewal but also led to a striking improvement in survival (0% for
CD98"* versus 46% for CD987") (Figure Supplement 4.1D). Finally, because patients generally present
with full-blown disease, we modeled a more clinically relevant setting by eliminating CD98 expression after
AML establishment (Figure Supplement 4.1E). Loss of CD98 in this context led to a significant increase
in survival (0% for CD98"* versus 66% for CD98", Figure Supplement 4.1E). CD98 appeared to be
broadly required by non-MLL AML as well, with its loss improving survival dramatically in disease driven by

AML-ETO9a and NRAS®'?V (Figure Supplement 4.1F). These data demonstrated a requirement for CD98
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in the initiation, self-renewal, and propagation of de novo AML, and provided clear genetic evidence that

targeting CD98 may be of therapeutic value.

CD98-Mediated Integrin Signaling Is Required for Leukemia Growth

Since CD98 can regulate both integrin-mediated signaling and amino acid transport, we tested the
importance of each function for leukemia progression by reconstituting the two functions individually in
CD987 cells using chimeric human CD98-CD69 proteins (Figures 4.1A). These chimeric proteins
separated CD98 functions by replacing either the integrin binding cytoplasmic and transmembrane domain
or the extracellular amino acid transport domain of CD98 with parts of CD69, another type Il transmembrane
protein'"?'. Loss of colony-forming ability could be rescued almost completely by the full-length human
CD98 heavy chain (as a control) as well as partially by the chimera that restored integrin binding and
signaling (Figure 4.1B), indicating that downstream activation of integrin signaling is critical for leukemia
growth. In contrast, the chimera that only restored amino acid transport failed to rescue the defect.
Interestingly, rescue was most efficient when the chimera that preserves integrin binding was co-delivered
with the chimera that restores amino acid transport. These data suggest that the integrin binding function
of CD98 is critically required for leukemic growth and that the amino acid transport function can synergize
with integrin binding to fully restore the normal function of LSCs. We should note that CD98 loss affected
cells grown on semi-soft substrates such as methylcellulose or in vivo, but not when plated in liquid culture
(Figure Supplement 4.1C-D, and Figure 4.1B; data not shown). This is consistent with previous work
showing that CD98-mediated signaling is required for proliferation and survival on soft substrates but not
stiff substrates'®, possibly because there is enough tension on contact with stiff substrates (such as plastic)
that CD98 is not needed to amplify integrin signaling.

As integrin-dependent adhesion mediates leukemia cell interactions with their microenvironment,
we tested whether eliminating CD98 expression affected the dynamic in vivo associations of leukemic cells
with their niche by real-time imaging. We first tested whether wild-type leukemia cells were capable of
forming long-term interactions with blood vessels over time and found that about 25% of cells in the marrow
space remained in close contact with vessels for 25 min or longer. The loss of CD98 reduced long-term

interactions by 2-fold (Figures 4.1C-D), indicating that CD98 enables stable interactions of leukemia cells
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with their niche in vivo. To define whether the interactions of leukemia cells with endothelium are
physiologically important for maintaining stem cell properties, we used human umbilical vein endothelial
cells (HUVECSs) as a surrogate. Consistent with in vivo imaging analysis, the ability of cKit* leukemia cells
to adhere to HUVECs was reduced by ~40% with CD98 loss (Figures 4.1E-F). These data indicate that

CD98-integrin-mediated interactions with endothelial cells are needed for survival and maintenance of

LSCs.
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Figure 4.1. AML Is Dependent on CD98-Mediated Integrin Signaling

(A) Human CD98-CD69 chimeric constructs designed to specifically reconstitute either the amino acid
transport or the integrin signaling function of CD98. (B) Average number of colonies formed by Cd98hc™"
cKit* cells transduced with human CD98 chimeric proteins and grown in the presence of ethanol (vehicle)
or tamoxifen (to delete Cd98hc) (n = 3). (C) Representative images of calvarial bone marrow (magenta) of
mice transplanted with CD98** and CD98”- AML cells (green). Arrowheads indicate blood vessels (marked
by VE-cadherin in blue), and arrow points to a leukemia cell adhering to vessel. Scale bar, 25 mm. (D)
Average frequency of CD98** and CD98"- leukemia cells in contact with blood vessels (distance <0.5 mm)
for 25 min or longer (stable/long-term) or for less than 10 min (transient/short-term) (n = 12 movies for each
group, from 4 to 5 mice per cohort; data were compiled from two independent experiments). (E)
Representative pictomicrographs show CD98** and CD98”- leukemia cells (indicated by arrows) adhering
to HUVECs. Scale bar, 25 mm. (F) Average frequency of CD98** and CD98"- cKit* cells adhering to
HUVECs (n = 3 from a representative experiment; similar results were obtained from two independent
experiments). (Error bars represent £SEM. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired t test.
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Methods

Generation of Experimental Mice. The conditional knockout mice (Cd98hc™, also Sic3a2-loxP)'? were
mated with Rosa26-CreER™ mice (Strain: B6;129-Gt(ROSA) 26Sor™!(cre’Es)Tv) mice to generate the
Cd98hc™":Rosa26-CreER mice. B6-CD45.1 (Strain: B6.SJL-Ptprc?Ptprc®/BoyJ) mice were used as
transplant recipients. All mice were 6—16 weeks of age. Mice were bred and maintained in the animal care
facilities at the University of California San Diego. All animal experiments were performed according to

protocols approved by the UC San Diego Institutional Animal Care and Use Committee.

In Vivo Transplantation Assays. For bone marrow transplants, 500 LT-HSCs (KLS CD150* CD48" or
KLSFlk2- CD34") isolated from bone marrow of mice expressing CD45.2 were trans- planted into lethally
irradiated (9.5 Gy) congenic recipient mice (expressing CD45.1) along with 2x10° Sca1-depleted bone
marrow rescue cells. Peripheral blood of recipient mice was collected every 4 weeks for 4—6 months after
transplant. Where indicated, adult mice were administered tamoxifen (Sigma) in corn oil (20 mg/mL) daily

by intraperitoneal injection (150 pg per gram of body weight) for 5 consecutive days.

Generation and Analysis of Leukemia Models. Bone marrow KLS cells were sorted from
Cd98hc™":Rosa26-CreER™ mice and cultured overnight in RPMI medium (Life Technologies)
supplemented with 20% fetal bovine serum (FBS), 50 mM 2-mercaptoethanol, 100 ng/mL stem cell factor
(SCF) (R&D Systems), and 10 ng/mL interleukin-3 (IL-3) and 10 ng/mL IL-6 (R&D Systems). Cells were
retrovirally infected with MSCV-MLL-AF9-IRES-tNGFR and MSCV-NRAS®'?V-IRES-YFP. Cells were
harvested 48 hr after infection and retro-orbitally transplanted into cohorts of sublethally irradiated (6 Gy)
B6-CD45.1 mice. For secondary transplants, cells from primary transplanted mice were sorted for cKit*
MLL-AF9-IRES-tNGFR*MSCV-NRAS-IRES-YFP* cells, and 2,000 to 4,000 cells were transplanted per
mouse. Where indicated, adult mice were administered tamoxifen (Sigma) in corn oil (20 mg/mL) daily by
intraperitoneal injection (150 pg per gram of body weight) for 5 consecutive days. Recipients were

maintained on antibiotic water (sulfamethoxazole and trimethoprim) and evaluated daily for signs of
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morbidity, weight loss, failure to groom, and splenomegaly. Premorbid animals were euthanized and

relevant tissues harvested and analyzed by flow cytometry.

In Vivo Imaging. Imaging was done as described previously??-2?%, In brief, Actin-dsRed NOD SCID mice
(Strain: NOD.Cg-PrkdcS®P Tg(CAG-DsRed*MST)1Nagy/Kupwd) were transplanted with CD98** or CD98-
= MLL-leukemia cells and imaged 7-10 days post transplant. VE-Cadherin conjugated to Alexa Fluor 647
(eBiosciences) was administered at a concentration of 10 pg diluted in 100 mL, 15 min prior to imaging.
Images were acquired by the Leica LAS AF 2.7.3 software with a TCS SP5 upright DM600 CFS Leica
confocal system using an HCX APO L 203/1.00 W Leica Plan Apochromat objective. Images were
continuously captured in 1,024 x 1,024 format (approximately 7 s per scan) for up to 1 hr. Images were

analyzed using the Leica AF 2.7.3 software.

Additional methods can be found in: Bajaj J, Konuma T, Lytle NK, Kwon HY, Ablack JN, Cantor JM,
Rizzieri D, Chuah C, Oehler VG, Broome EH, Ball ED, van der Horst EH, Ginsberg MH, Reya T. CD98-
mediated adhesive signaling enables the establishment and propagation of acute myelogenous leukemia.

Cancer Cell. 2016 Nov 14;30(5):792-805.
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Figure Supplement 4.1. CD98 Loss Impairs AML Growth and Propagation

(A) KLS cells from Cd98hc™":Rosa26-CreER mice were retrovirally transduced with MLL-AF9-IRES-tNGFR
and NRASC®'?V_|RES-YFP and transplanted to establish disease (schematic on the left). The start of
treatment is indicated by an arrow on the survival curve (right; n = 8-9 for each cohort, data combined from
two independent experiments). (B-D) cKit* cells from established Cd98hc"":Rosa26-CreER leukemia
(schematic in B) were isolated and cultured in vitro in the presence of tamoxifen or vehicle, and colony
formation assessed (C). Cells were transplanted, 2 recipients treated with tamoxifen or vehicle, and survival
monitored (n = 8 for vehicle and n = 11 for tamoxifen treatment, data combined from two independent
experiments). The cKit* CD98** or CD98”- leukemia cells from 2 mice were also transplanted into 3
recipients to monitor in vivo self-renewal capacity (D). The start of treatment is indicated by an arrow on the
survival curve (n = 13 for each cohort, data combined from two independent experiments). (E) cKit*
Cd98hc™":Rosa26-CreER AML cells were transplanted, recipients treated with tamoxifen or vehicle from
day 8 to day 13 (schematic on the left), and survival monitored (right; n = 8 for control and n = 9 for tamoxifen
treatment, data combined from two independent experiments). The start of treatment is indicated by an
arrow on the survival curve. (F) KLS cells from Cd98hc™":Rosa26-CreER mice were isolated, infected with
AML-ETO9a and NRAS oncogenes, and transplanted. Mice were subsequently treated with tamoxifen or
corn oil, starting 8 days after transplant. The start of treatment is indicated by an arrow on the survival curve
(n = 9 for vehicle and n = 8 for tamoxifen treatment, data combined from two independent experiments).
Survival curves depict log-rank test p values. Error bars represent +SEM.
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TETRASPANIN 3 IS REQUIRED FOR THE DEVELOPMENT AND PROPAGATION OF ACUTE
MYELOGENOUS LEUKEMIA

Introduction

Acute Myelogenous Leukemia (AML) is a cancer marked by the rapid and uncontrolled growth of
immature cells of the myeloid lineage?®. Because it is a heterogeneous disease involving a wide array of
chromosomal translocations and/or mutations, response to therapy differs widely between subclasses of
AML. For example, while leukemias with FIt3 mutations or MLL-translocations are generally associated with
poor prognosis in both adults and children, those driven by PML/RAR translocations respond well to
therapy?”3'. However, despite improvements in therapy for some subtypes of AML, current treatments
which include chemotherapy and bone marrow transplantation, remain ineffective for a vast majority of AML
patients. Thus, identifying new approaches to more effectively target common regulators of therapy
resistant AML remains critically important.

In an effort to identify pathways that mediate the aggressive growth of AML and other hematologic
malignancies, we have focused on stem cell programs that are subverted to drive the oncogenic state. One
important regulator of such programs is the RNA binding protein Musashi. Musashi 2 (Msi2) has been
shown to predict poor prognosis in patients with Chronic Myelogenous Leukemia (CML), and is critical for
progression to the blast crisis phase of the disease®. Msi2 is also highly expressed in several AML lines
and can serve as an indicator of poor outcome?®324, The fact that multiple hematologic malignancies require
Msi2 suggested that identifying stem cell programs triggered by Msi2 could lead to the discovery of
pathways important for establishing and sustaining disease. Genome wide expression analysis of Msi-
deficient cancer stem cell from blast crisis CML and de novo AML identified genes commonly regulated in
both leukemias. This strategy identified Tetraspanin 3 (Tspan3), a recently identified member of the
tetraspanin family, as a key downstream target of Msi2 and a potential functional element in myeloid
leukemia.

The tetraspanin (tetraspan or TM4SF) family forms a large group of integral membrane proteins
possessing four membrane-spanning domains separated by short intracellular and extracellular domains,
as well as one long extracellular domain®. Although tetraspanins are expressed across a wide variety of
cells and tissue types and are involved in diverse cellular processes such as cell adhesion, proliferation,

and immune responses®®, many tetraspanins remain understudied and the roles they play in normal stem
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cell biology and in disease remain unknown. This is particularly true of Tspan3, which has been studied in
context of oligodendrocyte migration®”, and about which little else is known. The regulation of Tspan3 by

Msi2 in AML led us to test its role in leukemia development and propagation.

Results

Tspan3 is required for AML development and propagation in mouse models

To define the role of Tspan3 in leukemia, hematopoietic stem/progenitor cells (KLS) from wild type
or Tspan3 null mice were infected with MLL-AF9/NRAS and transplanted (Figure Supplement 4.2A).
Whereas 90% of recipients transplanted with wild type cells died of leukemia and only 10% survived, 53%
of those transplanted with Tspan3 null cells survived, indicating a 5-fold increase in survival (Figure
Supplement 4.2B). The cKit" Gr1- leukemic stem cell population expressed Tspang3 at higher levels relative
to bulk leukemia, suggesting Tspan3 may be specifically important for these cells (Figure Supplement
4.2C). To directly test whether loss of Tspan3 impaired self-renewal of leukemic stem cells, we serially
transplanted cKit* cells from wild type or Tspan3 null tumors. As shown in Figure Supplement 4.2D, 100%
of the mice transplanted with wild type leukemia cells developed leukemia within 69 days, whereas only
31% of mice transplanted with Tspan3 null cKit" cells developed leukemia. Tspan3 loss not only significantly
reduced the incidence of leukemia but also markedly increased the latency of disease (Figure Supplement
4.2D). These data indicate that Tspan3 is required for maintaining the self-renewal of leukemic stem cells
and tumor-propagating ability of de novo AML.

To determine whether Tspan3 is also required in established AML, and to rule out the possibility
that impaired AML propagation in Tspan3 knockouts could be due to developmental defects, we used
shRNA to knock down Tspan3 in established leukemia. AML cells were transduced with control or Tspan3
shRNA and transplanted (Figure Supplement 4.2E-F). Whereas almost all mice transplanted with control
leukemia succumbed to disease, leukemia formation was significantly impaired with Tspan3 inhibition
(Figure Supplement 4.2E), with only 50-68% of mice transplanted with Tspan3-knock down MLL-AF9 or
MLL-AF9/ NRAS AML succumbing to disease. Consistent with this, Tspan3 deficient leukemia cells were

less able to form colonies in vitro (Figure Supplement 4.2G). These data indicate that Tspan3 is critical
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for MLL-driven leukemia, and that its inhibition can impair propagation of established AML in vitro and in

vivo.

Tspan3 is required for a normal response to the chemokine CXCL12/SDF-1

The fact that neither the defects in proliferation or cell survival in Tspan3 null cells were as severe
as defects observed in AML propagation (data not shown) suggested that Tspan3 may operate through
additional mechanisms in context of the microenvironment in vivo. We thus tracked the spatial distribution
of wild type and Tspan3 null leukemic cells within the bone marrow through in vivo imaging in real time.
While control AML cells localized to an area with vascular beds known to be rich in SDF-1 on both sides of
the central sinus within the calvarium?3®4%, Tspan3 null AML cells were located predominantly in the central
sinus distant from SDF-1 enriched areas (Figure 4.2A). Consistent with these defects in vivo, Tspan3
deletion impaired the capacity of leukemic cells to migrate toward SDF in vitro. While 28% of the wild type
leukemia cells migrated towards SDF-1 within 4 hours in a Boyden chamber assay, 2.5 fold fewer Tspan3
null cells (11%) migrated within the same period of time (Figure 4.2B). Defects in chemokine
responsiveness were couple with defects in receptor activation, as loss of Tspan3 led to significantly
reduced levels of activated (Ser339 phosphorylated) CXCR4 (Figure 4.2C-D). To test if CXCR4 acts
functionally downstream of Tspan3, we inhibited CXCR4 using shRNAs and AMD3100, a small-molecule
inhibitor of CXCR4-signaling. Inhibition of CXCR4 through either strategy resulted in a marked loss of
colony forming ability of cKit* AML cells (Figure 4.2E). Further, in vivo delivery of AMD3100 showed
significantly prolonged survival (Figure 4.2F), and profoundly altered the in vivo localization of AML cells
(Figure 4.2G-H), phenocopying the effects of Tspan3 deletion. Collectively, these data suggest that Tspan3

may influence AML growth, at least in part, by controlling CXCR4-mediated chemokine responsiveness.
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Figure 4.2. Tspan3 is required for normal migration and SDF responsiveness of AML cells

(A) In vivo image of bone marrow region in mouse calvarium. MLL-AF9/NRAS-driven leukemic cells
obtained from wild type or Tspan3 null leukemia were injected retro-orbitally into sublethally irradiated
dsRed or CFP mice and the calvarial bone marrow analyzed 8 to 15 days afterward to assess localization
within the bone marrow niche. The images shown were acquired in a single plane. Tspan3Gt/Gt images
focus on central sinusoid region to show aberrant enrichment of cells. (B) Migration of wild type and Tspan3
null MLL-AF9/ NRAS leukemic cells to SDF1 was measured 4 hours after exposure. Error bars represent
s.e.m., *p<0.05. (C-D) Protein lysates from wild type and Tspan3 null -driven leukemia were analyzed by
western blot for phosphorylated CXCR4 (C) and band intensity was quantified using Image J (D). (E)
Colony-forming ability of cKit* MLL-AF9/NRAS leukemia transduced with either firefly luciferase shRNA as
a control (shLuc) or two independent CXCR4 shRNAs (shCXCR4). (F) Survival curve of mice transplanted
with established cKit" MLL-AF9/NRAS leukemic wild type or Tspan3 null cells. Mice were treated with
5mg/kg/day AMD3100 or vehicle (water) for 15 days, starting 6 days post- transplant (n=8 for each cohort,
data compiled from two independent experiments), p<0.05 (G) Experimental scheme for imaging leukemia
localization in vivo following CXCR4 inhibition (E) In vivo image of bone marrow region (red) showing
defects in localization of MLL-AF9/NRAS- leukemia cells (green) following AMD3100 treatment. Dotted
white line demarcates the boundary between central sinusoid and bone marrow regions. Images are
maximum intensity projections of on average 60um z-stacks. Scale bar represents 100um. Error bars
represent s.e.m., *p<0.05.
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Methods

Mice. C57BL6/J mice were used as transplant donors, B6-CD45.1 (B6.SJL-PtprciPtprc?/Boyd) and
C57BL6/J were used as transplant recipients. All mice were 1-5 months of age unless otherwise specified.
Mice were bred and maintained in the animal care facility at University of California San Diego. All animal
experiments were performed according to protocols approved by Duke University and University of

California San Diego Institutional Animal Care and Use Committees.

Generation of Tspan3 knockout mice. Tspan3 knockout mice were generated from mouse embryonic
stem cell line NPX312 (strain 129/0Ola; Baygenomics, http://www.mmrrc.org). The gene trap vector (pGT1
TMpfs) was inserted between exons 3 and 4. These cells were injected into C57BL/6 blastocysts, which
were then implanted into pseudo pregnant females. High-contribution chimeras were obtained. Chimeric
mice were backcrossed to C57BL/6 mice and knockout mice were generated by breeding offspring of

heterozygous mice. Experiments were performed with mice of mixed genetic background.

Generation and analysis of leukemic mice, and cell isolation and FACS analysis. See above in

methods for Bajaj J, et al. Cancer Cell. 2016 Nov 14;30(5):792-805.

In vivo imaging of leukemia cells. MLL-AF9/ NRas leukemic WT and Tspan null cells (50,000 to 200,000
cells/mouse) were injected into sublethally irradiated Actin-dsRed or Actin-CFP mice. The calvarial bone
marrow was imaged 8 to 15 days after transplants. Images were acquired by the Leica LAS AF 2.7.3
software with TCS SP5 upright DM600 CFS Leica confocal system using the HCX APO L 20x/1.00 W Leica

Plan Apochromat objective.

Additional methods can be found in: Kwon HY, Bajaj J, Ito T, Blevins A, Konuma T, Weeks J, Lytle NK,
Koechlein CS, Rizzieri D, Chuah C, Oehler VG, Sasik R, Hardiman G, Reya T. Tetraspanin 3 is required
for the development and propagation of acute myelogenous leukemia. Cell Stem Cell. 2015 Aug

6:17(2):152-164.
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Figure Supplement 4.2. Loss of Tspan3 impairs the development and propagation of AML

(A) Experimental strategy to generate MLL-AF9/NRAS-driven leukemia from wild type or Tspan3 null mice.
(B) Survival curve of mice receiving MLL-AF9/NRAS-infected wild type or Tspan3 null KLS cells. Data
shown are from four independent experiments (wild type, n=19; Tspan3 null, n=15; p=0.0152). (C) Relative
expression of Tspan3 mMRNA in cKit* Gr1- cells isolated from MLL-AF9/NRAS and in bulk leukemia (p<0.05)
(D) Survival curve of mice receiving established MLL-AF9/NRAS cKit* leukemic cells derived from wild type
or Tspan3 null mice. Data shown are from three independent experiments (wild type, n=15; Tspan3 null,
n=16; p<0.0001). (E-F) Survival curve of mice receiving established MLL-AF9 (E) or MLL-AF9/NRAS cells
(F) infected with either control shLuc or shTspan3 virus; (E, n=19, p=0.02; F, n=7 for control, n=10 for
shTspan3, p=0.0011). (G) MLL-AF9/NRAS-driven leukemic cKit* cells were obtained from wild type or
Tspan3 null leukemic mice, plated in methylcellulose in the presence of the indicated cytokines for 7 days
and colony formation assessed. Error bars represent s.e.m., *p<0.05.
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UBIQUITIN-CONJUGATING ENZYME UBC13 CONTROLS BREAST CANCER METASTASIS
THROUGH A TAK1-P38 MAP KINASE CASCADE

Introduction

Breast cancer (BCa) is the leading invasive cancer among women worldwide. BCa-related mortality
is usually caused by distant metastases rather than primary tumors*'42. The spread of cancer cells from
primary tumors to distant organs, termed metastasis, is a multistep process in which cancer cells must (i)
invade through the extracellular matrix (ECM), (ii) disseminate into the bloodstream, (iii) survive in the
circulation, and (iv) extravasate and successfully colonize distant sites**. Conventional therapeutic
strategies have limited success in preventing and treating metastatic cancer, and BCa metastases can
recur many years after removal of the primary tumor. This phenomenon could be due to the complex nature
of metastasis itself, and, more realistically, the limitation of current treatments that are effective against
primary BCa, i.e., surgical removal and localized radiotherapy, but do little to prevent metastatic recurrence.
Even chemotherapy is not very effective against metastatic tumors*. Unfortunately, the pharmaceutical
industry has been reluctant to conduct metastasis prevention trials on patients with early stage cancer using
survival and reduction of metastatic load as end points, because such studies are lengthy and require a
large number of patients with otherwise relatively good survival prospects*. Consequently, the
development of agents that prevent metastasis from occurring and trigger regression of established
metastatic lesions is an urgent unmet need.

It was reported that expression of the ubiquitin conjugating enzyme (E2) Ubc13 is up-regulated in
metastatic BCa*®. Ubc13, which heterodimerizes with Uev1a, catalyzes formation of lysine 63 (K63)-linked
polyubiquitin chains, which control protein—protein interactions involved in DNA damage repair and protein
kinase activation*®47. In certain immune cells, Ubc13 is required for IkB kinase (IKK)-nuclear factor kB (NF-
kB) activation, but a more ubiquitous role for Ubc13 was observed in the activation of MAPK signaling*é-5°.
We found that Ubc13 is required for activation of mitogen-activated protein kinase kinase kinase 1
(MEKK1), transforming growth factor B (TGFpB)-activating kinase 1 (TAK1), and downstream MAPK
cascades on CD40 engagement in B cells®'. Importantly, MEKK1 and TAK1 are also required for BCa
metastasis®®%3, Of the numerous signaling pathways affecting BCa metastasis, the TGFB pathway has
some of the strongest effects, and it promotes metastasis by inducing migration, intravasation, and

epithelial-mesenchymal transition (EMT) of carcinoma cells®. TGFp signaling is mediated through SMAD-
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dependent and -independent (non-SMAD) pathways®-°6, Non-SMAD TGF signaling is positively regulated
by multiple molecules including TAK1%7, tumor necrosis factor receptor-associated factor 6 (TRAF6)%, and
TRAF4%°, The p38 MAPK also participates in different steps of metastasis, including ECM invasion by
primary cancer cells, migration across the surrounding tissue, entry into the circulation, and colonization of
distant sites®. p38 inhibitors are not toxic and were found effective in prevention and attenuation of
inflammatory pain in humans®'%2, Here we show that a Ubc13-controled TAK1-p38 cascade controls BCa

metastatic dissemination and that a p38 inhibitor can cause regression of established metastases.

Results

To address if Ubc13 controls metastasis, we used an inducible shRNA lentivirus that allows gene
silencing on doxycycline (Dox) treatment while labeling transduced cells with red fluorescent protein
(RFP)83, In LM2 cells transduced with this construct, Dox led to stable inhibition of Ubc13 expression within
3 d, and Dox withdrawal restored Ubc13 expression as early as day 3 with full expression on day 5 (Figure
Supplement 4.3A). Flow cytometry and immunofluorescence (IF) microscopy confirmed that both p10-
shCtrl- and p10-shUbc13— transduced cells were uniformly RFP positive after Dox addition (Figure
Supplement 4.3B). To address whether Ubc13 is required for entry of BCa cells into the lung, p10-
shControl- and shUbc13- transduced LM2 cells were cultured with Dox for 4 d, and tail vein injected into
NOD/SCID mice that were kept on Dox-containing water for 1 wk and switched to regular drinking water for
3 wk. Lung metastasis was monitored weekly by a bioluminescence assay. Curiously, no differences in
lung metastasis were observed between the two groups (Figure Supplement 4.3C), indicating that Ubc13
activity is not required for lung seeding, a process that was probably completed within the first 24 h. We
also injected p10-shControl and shUbc13 LM2 cells into NOD/SCID mice that were kept on regular water
for 1 wk, allowing the cells to enter the lung and colonize it. The mice were then given Dox-containing water
to silence Ubc13 expression. Whereas p10-shControl cells formed detectable lung metastases as early as
2 wk after injection, p10-shUbc13 cells did not form detectable metastases in Dox-treated mice (Figure
Supplement 4.3D). Microscopic analysis under bright field (BF) and red fluorescence (RFP) confirmed that

shUbc13-LM2 cells formed much fewer and smaller lung nodules than shControl-LM2 cells (Figure
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Supplement 4.3E). These data demonstrate that while Ubc13 is dispensable for BCa extravasation from
the peripheral blood to lung tissue, it is required for establishment of macroscopic metastatic growth.

To further study how Ubc13 affects metastatic growth, we performed tumorsphere formation assays
on control and shUbc13 cells and found that Ubc13 silencing had no effect on these properties (Figure
4.3A-B). These results are consistent with the finding that Ubc13 is generally dispensable for primary tumor
growth (data not shown). Loss of Ubc13 in BCa cells also did not affect their proliferation as evident by
carboxyfluorescein succinimidyl ester (CFSE) labeling (Figure 4.3C). Importantly, loss of Ubc13 also did
not affect LM2 cell intravasation or extravasation quantified by gqPCR (Figure 4.3D). Through real-time in
vivo imaging, we observed no difference in frequencies of circulating tumor cells between shControl and
shUbc13 LM2 transplanted mice (Figure 4.3E-F, Table 4.1). We therefore reasoned that Ubc13 could
specifically control metastatic BCa growth properties. Indeed, shUbc13 BCa cells residing in small lung
lesions were less proliferative than shControl cells in lung lesions and were more likely to show caspase 3
activation (Figure Supplement 4.3F). In keeping with Ubc13 being dispensable for primary tumor growth,
we did not observe a difference in proliferation and apoptosis of BCa cells within primary tumors formed by

shControl- or shUbc13-LM2 cells (data not shown).
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Figure 4.3. Ubc13 is not required for BCa tumorsphere formation, intravasation, or extravasation.
(A-B) Tumorsphere formation assays of shControl- and shUbc13-PyMT (Py8119) cells. (A) Representative
images showing tumorspheres formed by the indicated cells (Left) and their Ubc13 protein content (Right).
(B) Frequencies of primary (Upper) and secondary (Lower) tumorsphere formation by indicated cells. (C)
Histogram of CFSE dilution assays of shControl (Upper) and shUbc13 (Lower) PyMT cells at the indicated
time points. (D) Comparison of intravasation (Upper) and extravasation (Lower) by shControl- and
shUbc13-LM2 cells. Data are presented in arbitrary units, and the expression of human specific 32
microglobulin (B2M) was normalized to that of mouse specific B-actin. Results are shown as averages *
SEM. (E) Average circulating tumor cell frequencies imaged in mice transplanted with control and UBC13
knockdown tumor cells in 100,000 total blood cells. (n = 6 independent tumors for shControl and shUBC13
each, P = 0.6757). Total blood volume for duration of imaging was determined by multiplying the vessel
cross-sectional area with the speed of blood flow; total cell count for each movie was determined from the
cell number per nanoliter of mouse peripheral blood; circulating tumor cells were scored positively if 8 um
or larger in diameter. (F) Representative image showing tumor cell in blood vessel. Endothelial cells
marking vessel wall (cyan), EGFP transplant recipient (blue), and tumor cells (magenta).
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Methods

Cells, plasmids, and lentiviral infection. MDA-MB-231 4175 LM2, PyMT, and MT2 cells were maintained
as previously described®-%. 4T1 cells were cultured in DMEM containing 10% FBS and Penn Strep.
Primary carcinoma cells were obtained from spontaneous tumors grown in MMTV-cNeu/ErbB2 mice
through a mincing, digestion, and filtration process as previously described®. Lentiviral sShGFP (designated
as shControl) and shUbc13 constructs were described®” and confirmed by sequencing. Scrambled shRNA
was from Addgene (Plasmid 17920: pLKO.1 shSCR). The inducible lentiviral shRNA constructs p10-
shControl and p10-shUbc13 were cloned as previously described®. Briefly, the hairpin oligos were
designed following instructions available on the website (http://katahdin.
mssm.edu/siRNA/RNAI.cgi?type=shRNA). The sequence of p10-shUbc13 is as follows:
TGCTGTTGACAGTGAGCGATAAAGTACGTTTCATGACCAATAGTGAAGCCACAGATGTATTGGTCAT
GAAACGTACTTTAGTGCCTACTGCCTCGGA. The sequence of p10-shControl (targeting Drosophila row
gene) is as follows: TGCTGTTGACAGTGAGCGATAATGGAATATCTGCGACGGATAGTGAAGCCAC
AGATGTATCCGTCGCAGATATTCCATTACTGCCTACTGCCTCGGA. The oligos were used as templates
for PCR using primers: forward (CAGAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG); reverse
(CTAAAGTAGCCCCTTGAATTCCGAGGCAGTAGGCA). The PCR products were then purified and
digested with Xhol/EcoRI followed by ligation to the Xhol/EcoRI-linearized pINDUCER-10 vector®3, Positive
clones were verified by Sanger sequencing. An RNAi-resistant form of Ubc13 (RR) was produced by
introducing sense mutations (no alteration of amino acids) at the small interfering RNA (siRNA)-binding
site. To generate a Ubc13-expressing lentiviral construct, the cDNA was cloned into pLA-CMV lentiviral
vector that contains a neomycine resistance cassette. The C87A mutation was introduced through site-
directed mutagenesis (Strategene). MKK3(EE) cDNA with Flag epitope at its N-terminal (7) was inserted
into a pLA-CMV vector with neomycine selection marker. The shRNA or lentiviral expression constructs
were transfected along with pLV-CMV delta (Inder Verma, Salk Institute) and pVSV-G (Clontech) into
293FT cells to produce viral particles® used to infect indicated breast cancer (BCa) cells. The transduced
cells were selected and maintained in growth medium containing puromycine or neomycine. For the p10-

shRNA-infected cells, doxycycline (Dox) was supplemented into the puromycine-containing medium.
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In Vivo Live Imaging of Circulating Tumor Cells. Four- to 6-wk-old female NOD/SCID mice with
constitutive expression of GFP under the control of the actin promoter (Jackson Laboratories) were used.
LM2 cells (2 x 10°%) expressing Dox-inducible shRNA-RFP were suspended in PBS, mixed with matrigel in
a 1:1 ratio, and injected into the fourth mammary fat pads. Tumors were allowed to develop for 4-5 wk
while mice were maintained on Dox (2 mg/mL in drinking water, ad libitum). For imaging, each mouse was
anesthetized by i.p. injection of ketamine and xylazine (100/20 mg/kg) and maintained under anesthesia
throughout the procedure using 1-2% isofluorane gas mixed with oxygen. To visualize blood vessels, each
mouse was injected retro-orbitally with AlexaFluor 647 anti-mouse CD144 (VE-cadherin) antibody
immediately following anesthesia induction. Tumors were exposed by carefully removing hair, skin, and
connective tissue while keeping tumor vasculature intact. The mouse was then placed inverted on an
imaging apparatus, and each tumor was elevated and stabilized on a glass slide to reduce breathing
artifacts. Movies were acquired by Leica LAS AF 1.8.2 software with an upright Leica SP5 confocal system.
An HCX APO L20x objective with a 1.0 numerical aperture was used to continuously acquire images in
1,024 x 512 format. GFP, RFP, and AlexaFluor 647 were excited with an Argon/2 laser, a diode-pumped
solid-state laser, and a HeNe 633 laser, respectively. Multicolor imaging was captured simultaneously for

GFP and AlexaFluor 647 and sequentially for RFP.

Additional methods can be found in: Wu X, Zhang W, Font-Burgada J, Palmer T, Hamil AS, Biswas SK,
Poidinger M, Borcherding N, Xie Q, Ellies LG, Lytle NK, Wu LW, Fox RG, Yang J, Dowdy SF, Reya T, Karin
M. Ubiquitin-conjugating enzyme Ubc13 controls breast cancer metastasis through a TAK1-p38 MAP

kinase cascade. Proc Natl Acad Sci U.S.A. 2014 Sep 23;111(38):13870-13875.
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Figure Supplement 4.3. Ubc13 is required for lung colonization by BCa cells. (A) Dynamic,
doxycycline (Dox)-regulated, Ubc13 silencing in p10-shUbc13—infected LM2 cells. (B) Analysis of RFP
expression by p10-shCtrl or p10-shUbc13—infected LM2 cells cultured in the absence (-) or presence (+)
of Dox for 4 d. (C) BLI measurement of mice injected with Dox-treated p10-Ctrl or p10-shUbc13 LM2 cells,
given Dox in water for the first week and switched to regular water for the following 3 wk. (D) BLI
measurement of mice injected with p10-shCtrl or p10- shUbc13 LM2 cells that were not treated with Dox.
Mice were given regular water for the first week and switched to Dox-containing water for the following 3
wk. Data in C and D are averages + SEM; n = 3 mice. (E) Representative bright field and RFP images of
lungs from mice transplanted with p10-shCtrl (Upper) or p10-shUbc13 (Lower) LM2 cells and treated as in
D. (Scale bar, 1 cm.) (F) Ki67 and cleaved caspase 3 staining of lung lesions in mice that were i.v. inoculated
with shControl- or shUbc13-LM2 cells (4 wk after injection). Five independent high-power fields were
quantitated, and the results are shown on the right as averages + SEM. (Scale bar, 100 ym.)
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Table 4.1.

Summary of circulating tumor cells in shCtrl and shUbc13 breast tumors

shControl
Experiment 1 2 3 4 5 6 Total
Time (min) 29.5 60 60 92.7 130.2 30 402.4
Blood volume (nl) 37.5 179.2 88.6 1020.6 1370.5 70.2 2766.6
Total cells 397256 | 1899288 | 939493 | 1.1E+07 | 1.5E+07 | 744008 | 2.9E+07
Tumor cells >8mm 1 0 0 0 0 13 14
shUBC13
Experiment 1 2 3 4 5 6 Total
Time (min) 60 44.2 60.1 64.9 98.2 60 387.5
Blood volume (nl) 44.9 113.4 1012.2 218.8 831.9 325.2 2546.3
Total cells 475490 | 1202150 | 1.1E+07 | 2318831 | 7968044 | 3446844 | 2.6E+07
Tumor cells >8mm 5 0 5 0 3 0 13
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EPIGENETIC AND TRANSCRIPTOMIC PROFILING OF MAMMARY GLAND DEVELOPMENT AND
TUMOR MODELS DISCLOSE REGULATORS OF CELL STATE PLASTICITY

Introduction

At diagnosis, most tumors present as heterogeneous collections of tumor cells and stroma. Many
factors promote the cell state changes that contribute to tumor heterogeneity, drug resistance, tumor
metastasis, and poor patient outcomes®®7°, Recent studies reveal that some oncogene-induced cell state
changes that occur during tumor progression can be traced to mechanisms enabling cancer cells to adopt
behaviors that are not part of their homeostatic repertoire”’. This behavior, which we will refer to as cell
state instability or plasticity, has some of the characteristics of the lineage infidelity acquired during wound
healing”?, or inflammation or oncogene associated reprogramming to a multi-potential embryonic or stem-
like state”. Better understanding of the mechanisms that underlie cell state instability in tumor progression
could create opportunities for therapeutic intervention.

The cancer stem cell (CSC) hypothesis was initially attractive because it predicted the existence of
a cellular subpopulation uniquely able to generate intra-tumoral heterogeneity, and that therapeutic
targeting of these cells would prevent subsequent tumor evolution. However, it is now established that even
differentiated cells can be reprogrammed into stem-like cells, suggesting that cell state reprogramming is
more common and occurs in more diverse cell types than previously thought’*75, Indeed, this type of
reprogramming can be used to re-establish stem-like hierarchies in tumors even after elimination of putative
CSCs’®77, These data suggest that eliminating phenotypically unstable cells will likely be fruitless, as other
cells will take their place. Rather, abrogating the mechanisms by which tumor cells gain cell state plasticity
may be more productive.

We focused on the relationship between mammary gland development and aggressive breast
cancers to better understand the mechanisms by which differentiated cells revert to other cell states, and
by which intra-tumoral heterogeneity and malignancy arise. Despite its structural simplicity, the mammary
gland undergoes impressive growth and invasive phases during development, cyclical expansive and
apoptotic phases controlled by estrus cycles, and massive tissue expansion and involution associated with
pregnancy and lactation’®. Clearly, mammary ducts must contain cells with significant growth, invasive, and
multi-lineage potential. The coordinated cell state changes these cells undergo make the mammary tissue

an excellent system in which to study mechanisms of cell state plasticity.
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Whether adult mammary gland homeostasis requires a hierarchical relationship involving
multipotent mammary stem cells (MaSCs) has been controversial. The capacity for basal cells to form
reconstituted glands in transplantation assays has supported the notion that multipotent MaSCs reside in
the basal fraction of the adult mammary gland’®®, However, lineage tracing studies have produced
conflicting results as to whether adult basal cells are multipotent or unipotent®'-#8, On the other hand, studies
have supported the conclusion that bipotent MaSCs are present in the fetus (i.e., fMaSCs)®4878 Because
lineage tracing experiments measure cell fate only in the context of a native structure, and functional assays
only measure the developmental potential of cells under non-native conditions, the development of agnostic
molecular approaches may better predict the differentiation potential of mammary cells and enable
identification of differentiation state regulators.

Cancer has been referred to as a caricature of normal development and of tissue renewal (see
Wahl and Spike, 2017 for references’). Therefore, to ascertain development correlates of breast cancer,
we designed this study with three goals: 1) to generate epigenetic and transcriptomic maps of the
developmentally plastic, bipotent fetal mammary stem cell (fMaSC) and the adult lineages descended from
them; 2) to identify genes, transcriptional regulators, and control regions associated with fetal mammary
stem cell (fMaSC) bipotentiality that are altered upon adult lineage specification; 3) and to test whether
such regulators are altered during cancer progression, and contribute to the genesis of intra-tumoral

heterogeneity.

Results

Sox10 is associated with the developmental plasticity and bipotentiality of fMaSCs:

We first performed ATAC-seq and RNA-seq on biological replicates of mammary cell populations
enriched for E18 fMaSCs, adult basal cells, luminal progenitor cells (LPs), and mature luminal cells (MLs)
using FACS-based purification with previously established cell surface markers and corresponding
phenotypic characterization (Figure Supplement 4.4A)%":8°, ATAC-seq maps chromatin accessibility and
indicates the potential of a flanking gene to be expressed. By contrast, RNA-seq maps transcript levels,
and hence correlates more directly with cellular phenotype at the time of analysis. We identified chromatin

regions that are uniquely open or closed in each of the four mammary cell populations (Uniquely Accessible
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Region, UAR, and Uniquely Repressed Region, URR, respectively) and identified transcription factor (TF)
motifs within the UARs and URRs. Homer revealed expected enrichment of the P63 and TEAD4 DNA
binding motifs in basal cells, the ELF5 DNA binding motif in LPs, and the FOXA1 and Jun-AP1 DNA binding
motifs in MLs (Figure Supplement 4.4B). These TF DNA binding motifs have also been mapped to
uniquely active enhancers of the analogous populations of human mammary cells®. Notably, binding motifs
for SOX4, SOX9, SOX10, and NF1 were significantly enriched in fMaSC UARs compared to the other cell
types (Figure Supplement 4.4B). Moreover, many regions containing these SOX motifs were specifically
closed in MLs (enriched in ML URRs), which are the most differentiated (least developmentally plastic) of
the four mammary cell types (Figure Supplement 4.4C). Of these SOX factors, SOX10 uniquely exerts
potent cell reprogramming capacities in vitro®' and is most differentially upregulated in the developmentally
plastic fMaSC population (Figure Supplement 4.4B). Further, in fMaSCs, UARs adjacent to highly
expressed genes contained more SOX10 binding motifs than UARs adjacent to genes expressed at lower
levels (a trend that was not observed with other TFs, such as NF1, P63, and FRA1). These data suggest
an association between SOX10 binding and chromatin activation in fMaSCs. Collectively, these data
associate SOX factors (SOX10 in particular) with the developmental plasticity and bipotentiality of fMaSCs.

We then developed Sox10 reporters to enable the visualization and recovery of SOX10"s" and
SOX10"" tumor cells to evaluate correlations between SOX10 levels and gene expression changes (Figure
Supplement 4.4D). RNA-seq analysis was performed on SOX10M" and SOX10°" luminal-like fractions
from PY230 orthotopic and C3-1 autochthonous tumors. We built transcriptome profiles of SOX10M9" and
SOX10"" |luminal-like cell populations, and ascertained stem/progenitor relatedness using Gene Set
Enrichment Analysis (GSEA) with signature gene lists representing stem/progenitor populations from the
normal mammary gland. We also used Spearman correlation to compare chromatin accessibility in
SOX10M" and SOX10°" tumor cell populations with the UARs and URRs found in normal mammary cells.
The chromatin accessibility of the SOX10"9" PY230 tumor cells correlated significantly with unique
chromatin features in LPs and fMaSCs (and to a smaller extent, basal cells) (Figure Supplement 4.4E).
On the other hand, SOX10"°% PY230 tumor cells correlated strongly with LP and ML UARs. Thus, while the

chromatin features of SOX10"9" PY230 tumor cells correlate better with stem/progenitor populations than
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do SOX10* tumor cells, both of these cell types possess blended chromatin features that are not apparent
in the normal adult mammary cells from which they are derived.

We determined whether chromatin accessibility reflects gene expression using GSEA of the
transcriptomes of SOX10"s" and SOX10"°* tumor cells. We used gene sets associated with UARs and
URRs for fMaSCs, basal cells, LPs and MLs. These analyses revealed that SOX10"9" cells up-regulated
genes uniquely open in fMaSCs and LPs, and genes uniquely closed in MLs (Figure Supplement 4.4F).
By contrast, SOX10™" tumor cells up-regulated genes uniquely open in MLs. Thus, stem/progenitor identity,
as indicated by chromatin accessibility in SOX10"9" vs. SOX10°" cells, correlated strongly with the
transcriptome profiles of these cells. We infer that SOX10 contributes to the observed stem/progenitor
identity, as there is significant enrichment in the SOX10M" tumor fraction for genes we previously showed
are upregulated following SOX10 overexpression in an in vitro organoid culture model (Figure Supplement

4.4F )2,

SOX10"" cells within mammary tumors exhibit de-differentiated and EMT-like features

Ectopic overexpression of SOX10 reprograms mammary epithelial cells into a mesenchymal-like
cell state®. Strikingly, analysis of sections from C3-1 mammary tumors revealed that SOX10M" cells
expressed low levels of epithelial cytokeratins, whereas cells with lower SOX10 expression retained
epithelial markers (Figures 4.4A-B). To better quantify the relationship between SOX10 and epithelial
markers, we dissociated C3-1 mammary tumors to single cells, and found that >80-90% of SOX10"9" cells
had undetectable levels of KRT8 and KRT14 (Figures 4.4C-D). SOX10M" tumor cells form tumorspheres
in 3-D culture conditions at low efficiency, and these tumorspheres exhibited high levels of SOX10 and low
levels of cytokeratins (Figure 4.4E). Thus SOX10M" cells in these basal-like mammary tumors showed
reduced levels of keratin markers associated with the epithelial state and mammary cell differentiation.

We analyzed the PY230 mammary tumor model to determine the generality of the relationship
between Sox10 expression and loss of epithelial features. Notably, SOX10"" PY230 mammary tumor cells
also exhibited significant decreases in multiple epithelial and luminal mammary cell markers compared to
SOX10°" mammary tumor cells (Figure 4.4F). SOX10M" cells also had increased expression of the

mesenchymal/EMT markers Vim, Snai2, and Twist1. As ectopic expression of SOX10 in normal mammary
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cells also elicits de-differentiation and mesenchymal-like features with similar corresponding gene
expression changes®, we infer that SOX10 directly contributes to this cell state change. Because SOX10
over-expression can also induce motility and mammary cell delamination in 3D culture®?, we determined
whether SOX10M9" cells also locally invade in mouse tumor models in vivo. Strikingly, significant numbers
of SOX10M" cells in PY230 tumors were found outside the primary tumor margin and in close proximity to
tumor vasculature (Figure 4.4G).

We examined the TCGA database to determine if SOX10 is similarly linked to EMT and de-
differentiation in human breast cancer. We generated a rank-order list of human genes based on the
correlation of their expression with SOX10 expression across a panel of human breast tumors. Many EMT-
related genes positively correlated with SOX10 expression, whereas many epithelial/differentiation related

genes negatively correlated with SOX10 expression (Figure 4.4H). Moreover clear expression of the

mesenchymal marker VIM could also be detected in many of the SOX10* tumor cells (Figure 4.41).
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Figure 4.4. SOX10* tumor cells exhibit de-differentiation and mesenchymal features.

(A-B) Low (A) and high (B) magnification image of C3-1; Sox10-H2BVenus mammary tumors
immunostained for K8, K14, and GFP (SOX10). (C) Single cell dissociation of a C3-1; Sox10-H2BVenus
mammary tumor immunostained for K8 and K14. (D) Quantification of keratin status in four C3-1; Sox10-
H2BVenus mammary tumors. Average percentage and 95% confidence interval from two images for each
tumor are shown. (E) Tumorsphere grown from C3-1; Sox10-H2BVenus mammary cells plated in 3-D
culture, immunostained for K8 and K14. (F) Relative expression of differentiation and mesenchymal genes
in PY230 tumor cells. Mean + SEM (n=2). (G) PY230 Sox10tTmal tymor showing SOX10* cells (red) in the
primary tumor margin and near vasculature (white). PY230 Sox101T™ma° tymor cells were labeled with a
LV-GFP to visualize tumor cells not expressing SOX10 (green). (H) Rank order list of SOX10 co-expression
genes in human breast tumors with epithelial (blue) and EMT-associated (red) genes highlighted. (1) Tissue
section from an ER" PR HER2" human breast tumor immunostained for SOX10 and VIM.
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Methods

Mice. The Sox10-H2BVenus®3, Sox10x % C3-1-TAg®, and Trp53"*;Brca1 (Perou CM et al., manuscript
in progress) mice have been previously described. For tumor studies, mice were maintained in an FVB
background, except for the Sox107*;C3-1- TAg study in which mice were in a mixed CD1/FVB/B6
background. The Sox10™* LoxP cassette was deleted by a Zp3-Cre mouse®. Orthotopic transplantation of
PY230 cells were performed with 6-10 week old adult wild-type C57bl/6 mice. All animals were handled in

accordance with Salk Institute IACUC and AAALAC approved protocols and other ethics guidelines.

Mammary tumor cell transplantation. PY230 cells grown in 2-D culture were orthotopically transplanted
into the #4 fat pads of 6-10 week old syngeneic mice. 10,000-200,000 cells were used per transplantation,
unless otherwise indicated in text. Surgery and recovery of animals followed strict and IACUC-approved

protocols.

PY230 CRISPR-based genome modification. PY230 cells were grown in media conditions that have
previously been described®. For genome modification of PY230 cells, the PY230 cells were first infected
at <3 MOI with CD0616, a lentivirus containing a floxed Cas9-2A-G418R cassette modified from
LentiCrisprV2%. G418-resistant cells were expanded as PY230-Cas9 cells. To target the Sox10 locus for
tdTomato, a targeting vector was designed in an AAV backbone sequentially containing: an sgRNA cassette
vs. genomic sequence proximally downstream of the stop codon (AGGCCAAGCCCTGACTGAGC), 268 bp
5" homology arm, in-frame AVI-V5-V5-2A-tdTomatoNLS cassette, LoxP-EFS-TagBFP-CW3SL-LoxP, 394
bp 3' homology arm. AAV was generated by transfection with PEI (Polysciences) in 293A cells with the
AAV SOX10 TV, transfer plasmid, and DJ cap plasmid. PY230-Cas9 cells were infected with the AAV,
TagBFP* cells were isolated by FACS and plated at clonal density, and PY230 clones were picked,

expanded, screened by PCR, and sequenced to validated candidates. AAV-Cre was then used to remove

the Cas9 and the TagBFP cassette. Protein lysates from PY230-Sox10tdTomato mammary tumors that
were immunoprecipitated with streptavidin and immunoblotted with a V5 antibody confirmed the specific

presence of a single protein at SOX10’s expected size of 60-70 kDa. To produce null alleles of Sox10 in
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PY230 cells, a similar strategy was used to identify Sox10™" clones, except the PY230-Cas9 cells were
infected with an AAV sequentially containing: two sgRNAs cassettes targeting necessary coding regions
near the start codon (CCAGCGACGGCGCGCTGCCT) and (GGCGGCGGCCGGGAGCGACA), and an
EFS-tdTomatoNLS-WPRE cassette. Viability of resulting clones was confirmed by plating 100,000 cells
Sox10™" cells in 2-D culture and quantifying their cell proliferation after 4 days, in comparison to the parental

PY230 cell line.

Intravital imaging. Sox10¢TomatoNLS PY23(0 cells infected with LV-CMV-eGFP were orthotopically
transplanted into 6-10 week- old female syngeneic mice. Tumors were allowed to develop until they reached
approximately 0.25cm?. For imaging, mice were anesthetized by IP injection of ketamine and xylazine
(100/20 mg/kg) and maintained under anesthesia throughout the procedure using 1-2% (vol/vol) isoflurane
gas mixed with oxygen. In order to visualize blood vessels and nuclei, mice were injected retro-orbitally
with AlexaFluor 647 anti-mouse CD144 (VE-cadherin) antibody and Hoechst 33342 immediately following
anesthesia induction. Tumors were exposed by carefully removing hair, skin, and connective tissue while
keeping tumor vasculature intact. Mice were then placed inverted on an imaging apparatus, and each tumor
was elevated and stabilized on a glass slide to reduce breathing artifacts. 80-150 micron images in 1024 x
1024 format were acquired with an HCX APO L20x objective on an upright Leica SP5 confocal system
using Leica LAS AF 1.8.2 software. Videos were generated using Volocity 3D Image Analysis Software and

compressed using Microsoft Video 1 compression.
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Figure Supplement 4.4. Sox10+ tumor cells exhibit mammary stem/progenitor features. (A)
Experimental strategy for epigenetic and transcriptional profiling of mammary cells. (B) Transcript level of
Sox factors. Mean £ SEM (n=2). (C) Enrichment of transcription factor motifs at UAR/URR across mammary
cell subpopulations. (D) Strategy to modify the Sox10 locus and characterize SOX10"9" and SOX10'°¥
tumor cells. (E) Correlation of chromatin accessibility in PY230 tumor cells with UARs and URRs in normal
mammary cells. (F) GSEA of UAR or URR associated gene sets, and genes upregulated following Sox10°F
in SOX10M" and SOX10°" tumor cells.
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