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Abstract
Investigating Meningeal Dissemination in a Model of B-cell Acute Lymphoblastic Leukemia
by
Emily Elizabeth Ho
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Lin He, Chair

Leptomeningeal dissemination (LMD) is frequently observed in patients with B-cell acute
lymphoblastic leukemia (B-ALL), particularly those that carry the Philadelphia chromosome
(Ph"). To prevent disease relapse from B-ALL cells in the meninges, patients are treated
prophylactically with intrathecal chemotherapy, which is often accompanied by deleterious side
effects such as neuropathy. Using a mouse model of B-ALL that recapitulates the genetic lesions
commonly found in Ph" B-ALL (expression of Ph and loss of tumor suppressor Arf), I
characterized the molecular and cellular defects during meningeal dissemination, and explored
the underlying mechanism through which B-ALL cells promote meningeal dissemination. In this
Ph" B-ALL model, meningeal dissemination was found in conjunction with extensive osteoclast-
mediated osteolysis in the skull, caused by the expansion and activation of osteoclasts.
Repression of osteoclast differentiation and activation in the Ph+ B-ALL model, either by
RANK-Fc or bisphosphonate treatment, significantly delayed the onset of meningeal
dissemination, suggesting the osteolysis of the skull provides a favorable stromal environment
for meningeal tumor growth. I also found that the Ph" B-ALL tumors exhibited a high level of
Rankl and Tnfo, at least in part, through aberrant STATSA signaling downstream of
inappropriate activation of the ABL kinase component of the BCR-ABL fusion protein. Rankl
and Tnfo both promote osteoclast differentiation and osteolysis, and hence, early colonization
and expansion of Ph" B-ALL cells in the meninges. Taken together, my studies reveal an
unexpected connection between meningeal dissemination and osteolysis, and will likely provide
important insights into patient stratification and LMD prevention in human B-ALL patients.
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Chapter 1
Introduction



Dissemination and Metastasis

It is estimated that in the United States, approximately 1.7 million people will be diagnosed with
cancer and 600,000 people will die from their tumors in 2016." Although there have been great
advances in cancer prevention, early monitoring, detection technology, surgery techniques and
treatment options, very few of these malignancies can be cured. Importantly, most terminally ill
patients do not succumb to their primary tumor, but instead to metastatic disease.”

Metastatic lesions are the result of the dissemination of tumor cells from the primary tumor to
distant tissues throughout the body, where the tumor cells proliferate to form new tumors. The
process of metastasis is highly inefficient, as there are many abilities that a tumor cell must
acquire to survive to form a metastatic lesion. In order to successfully metastasize, a cell must
leave the primary tumor, intravasate into a nearby blood or lymph vessel, survive in circulation,
extravasate out of the blood or lymph vessel into a new tissue, colonize the new tissue to form
micro-metastases, and then undergo expansion into macro-metastasis or metastatic lesions. In
1889, Stephen Paget proposed the “seed and soil” hypothesis, which posited that the seeds (the
disseminating tumor cells) would only grow in the soil (the tissue microenvironment) that was
appropriate for their growth.’ This hypothesis was based on the observation that in 735
necropsies of breast cancer patients, he found metastasis in certain tissues (e.g., liver and bone)
at higher rates, suggesting a preference for these tissues and giving rise to the idea of tissue
tropism.

The idea of cancer metastasis tissue tropism has endured and grown since Paget’s time. Modern
imaging techniques coupled with increased survival time resulted in enhanced observation that
has allowed for better characterization of cancer metastasis tissue tropism. For example, we now
know that breast cancer most commonly metastasizes to the liver and bone, as Paget observed,
but also to the brain and the lung.* Metastatic tropism has also been observed in many other
different types of cancer, such as bone metastasis in prostate cancer.” These observations have
allowed researchers to begin to unravel the molecular mechanism underlying tissue tropism. For
example, Kang et al. demonstrated that expression of Interleukin-11 (/L17), Osteopontin (OPN),
with either Connective Tissue Growth Factor (CTGF) or C-X-C Motif Chemokine Receptor 4
(CXCR4) promotes bone metastasis in a xenograft model of human breast cancer cells in mice.’
Interestingly, the mechanism of bone metastasis depends on the tumor type, as prostate cancer
bone metastasis is associated with Endothelin-1 (ET-1) expression.® Metastatic tissue tropism can
also be affected by the ease of access due to anatomical proximity. For example, colorectal
cancer metastasizes to the liver with high frequency, which is thought to be due to draining of
cancer cells from the colon, through the portal vein to the liver.* Although the tissue specificity
and mechanism may vary from cancer type to cancer type, many types of cancer display tissue
tropism during metastasis.

As metastasis is frequently the cause of death for most cancer patients, it is critical to illuminate
the biology underlying the process of metastasis and the tissue tropism of different cancers. This
knowledge will allow for better design and development of treatments to inhibit or prevent
metastasis, leading to fewer cancer related deaths. Given the wide variety in types of cancer, sites
of metastasis, and mechanisms of tissue tropism, it is unlikely that a single therapy will be
applicable to all cancers. Thus, it is essential to have a comprehensive understanding of the tissue
tropism and metastatic ability of each individual type of cancer.



Central Nervous System Metastasis — Leptomeningeal Dissemination

Among the many tissues to which cancer cells can metastasize, the central nervous system
(CNS) is one of the most devastating for patient quality of life and most challenging to
therapeutically access. Both solid and hematopoietic malignancies can disseminate from the
primary tumor to the CNS, which is comprised of the brain parenchyma, the spinal cord, and the
cranial and spinal meninges. In the cranium, the brain parenchyma is encased in the meninges
and the skull (Figure 1). The meninges consist of three layers called the dura mater, the
arachnoid mater, and the pia mater. The dura mater is a thick, hard layer directly adjacent to the
skull that contains sinuses for the drainage of cerebral spinal fluid (CSF).”® The dura mater
connects the skull to the leptomeninges, which consists of the arachnoid mater, the subarachnoid
space, and the pia mater.’” The arachnoid mater and subarachnoid space are named for the
resemblance of the trabeculae in the subarachnoid space to spider webs. The subarachnoid space
contains CSF, which functions to cushion the brain parenchyma from mechanical forces, and
blood vessels.'® Together, the CSF and blood vessels provide nutrients and waste removal for the
brain. The pia mater is the final layer of the meninges that lies directly on the brain parenchyma
and plays a role in mediating the blood brain barrier, as it has been shown to allow diffusion of
some small molecules from the subarachnoid space to the brain while preventing the entry of
larger molecules and regulating cell entry.””'" The functions of the meninges described here also
apply to the spinal cord, although subtle differences exist and are extensively reviewed by
Nicolas and Weller."

Infiltration into the parenchyma and the meningeal layers, or both, is observed in human patients.
Solid tumors more frequently invade the parenchyma and hematopoietic tumors predominately
disseminate to the meninges.””'” It is estimated that ~25% of all cancer patients will have
metastatic disease in the CNS at some point in the course of their disease, although CNS
metastasis is most commonly observed in later stage cancers."> Given the critical importance for
patients to maintain a functional CNS and the limited treatment available for treating metastasis
in the CNS, patients with metastasis to the CNS generally have extremely poor prognoses.
Furthermore, in both solid and hematopoietic malignancies, CNS metastasis has increased in
frequency, compared to historical controls. It is thought that the increase is due several
developments: (1) improved screening to detect CNS infiltration, (2) extended patient survival
due to improved therapy, and (3) poor penetration of therapy across the blood brain barrier
(BBB), which creates a therapy-privileged sanctuary for residual disease.'*'®

CNS metastasis can be generally categorized as either brain (parenchyma) metastasis or
leptomeningeal dissemination (LMD). Parenchymal metastasis is most common in solid tumors,
particularly in lung cancer, which represents 40-50% of all brain metastasis, and breast cancer,
which accounts for 10-30% of brain parenchyma metastasis.'*'” Hematopoietic cancers, for
example Non-Hodgkin Lymphoma (NHL), can metastasize to the brain parenchyma, although
usually in concurrence with LMD."” LMD is most commonly diagnosed in patients with primary
brain tumors, hematopoietic cancers, and some solid tumors. Patients with primary brain tumors,
such as medulloblastoma, have a higher risk for LMD (30-50%), particularly in conjunction with
initial diagnosis, rather than during relapse.'®*’ The majority of patients with solid tumors and
hematopoietic malignancies who develop LMD do so after treatment of the primary tumor. It is
estimated that only 3-20% of patients with solid tumors will develop LMD, while LMD will be
found in 10-70% of patients with hematopoietic malignancies, depending on the type of cancer



and method of inspection.'®'”*'** Given the high frequency of LMD, identification of the
mechanisms driving cancer cells to metastasize to the meninges is essential for the design of
better prophylactic treatments and therapies.

LMD specifically refers to dissemination to either the pia or arachnoid layers of the meninges
and can occur in either or both of the cranial and spinal meninges. When solid tumors
metastasize to the meninges, it is called carcinomatous meningitis (CM). Solid tumors rarely
present with CM at time of diagnosis, but roughly 3-8% of patients develop CM during the
course of their disease.'® The frequency of CM is likely under represented, as it is not routinely
screened for and autopsies have revealed as many as 20% of patients with CM.** The most
common solid tumors to infiltrate the meninges are breast (12-50%), lung (10-26%), or
melanoma (5-25%)."*** Given the poor prognosis and severe reduction in quality of life
associated with CM, it may be beneficial to increase screening for meningeal metastases before
symptoms arise.

Alternatively, it is currently estimated that 5-15% of patients with hematopoietic cancer will
develop metastatic lesions in the meninges, known as leukemic meningitis (LM).'*" The
frequency of LM has been dramatically reduced with prophylactic intrathecal chemotherapy.
Importantly, patients with Acute Lymphoblastic Leukemia (ALL), a group that includes B-cell
(B-ALL) and T-cell ALL (T-ALL) and Burkitt Lymphoma (BL), would have LM at the time of
relapse in as many as 50-75% of patients if not for the addition of prophylactic intrathecal
chemotherapy to standard treatment protocols, reducing LM relapse to 5-10%.' Other
hematopoietic malignancies that have increased risk for LM are acute myelomonocytic leukemia
(20%) and NHL (5-10%).'®!"” Nevertheless, regardless of frequency, all patients with LMD have
an extremely poor prognosis due to the poor efficacy of treatment and negative effects of
treatment on patient quality of life. A better understanding of the mechanism underlying LMD
may allow for more targeted, and therefore less toxic, treatments for meningeal metastasis.

Although there are many published articles about LMD, the vast majority of these papers are
clinical in nature and refer only to clinical observations, treatment strategies, the frequency of
LMD, or correlations between LMD and different clinical parameters, such as age, gender, and
response to initial treatments. Although many patients develop LMD during the course of their
cancer, there are very few treatments options available, all with dramatic side effects that disrupt
the function of the nervous system. Unfortunately, there is a great dearth of knowledge with
regards to the mechanism by which tumor cells are able to seed the leptomeninges and wreak
havoc in the CNS, unchecked and inaccessible to medical intervention. As our knowledge of the
mechanism underlying LMD progresses, we will improve our ability to develop therapeutic
strategies to prevent and treat LMD with fewer side effects, preserving patient quality of life.

Mechanism of Carcinomatous Meningitis

In solid tumors, the mechanism of the formation of CM is poorly characterized, as studies have
primarily focused on clinical treatment strategies.”"***** Studies of the mechanism of CM are
likely hindered by the lack of tractable in vivo animal models.”® Nevertheless, CM is generally
thought to occur through: (1) local invasion from a primary CNS tumor, (2) extravasation
through microscopic blood vessels in the meninges, (3) invasion along the cranial or spinal
nerves, or (4) invasion from the cervical lymph nodes.*'*****” Studies have suggested that an
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increase in the ability to migrate, adhere to endothelial cells for intravasation, and survive in the
new microenvironment, will promote formation of CM." However, these are more general traits
of metastasis and knowledge about the mechanisms that lead specifically to CM are undefined
for the majority of solid tumors. One notable exception is CM in medulloblastoma, a primary
CNS tumor predominantly found in pediatric patients. CM in medulloblastoma is the best studied
LMD in solid tumors due to the high frequency, as it is estimated ~50% of medulloblastoma
patients will have CM, and the availability of murine mouse models.'®*° It is believed that tumor
cells infiltrate from the primary tumor in the cerebellum to the CSF, which circulates in the
meninges, allowing the medulloblastoma cells to infiltrate the meninges. To better understand
the mechanism of medulloblastoma metastasis in the meninges, studies have used transposon
screens to identify genes that promote dissemination of medulloblastoma cells to the meninges,
such as ES Cell Expressed Ras (Eras), Lim Homeobox 1 (LhxI), and Cyclin-Dependent Kinase
20 (Ccrk).*®* Further mechanistic studies are needed to better elucidate the mechanisms of
carcinomatous meningitis in different solid tumor types.

Mechanism of Leukemic Meningitis

In hematopoietic cancers, the mechanism underlying LMD is still being defined. The majority of
studies have focused on LMD in ALL, which is the hematopoietic cancer with the highest
frequency of LMD. ALL can be categorized as either T-cell or B-cell ALL, both of which are
associated with infiltration of the CNS. Many studies have begun to piece together the
mechanism that drives dissemination to the meninges in T-ALL. For example, researchers have
shown that Notch-driven T-ALL uses C-C Motif Chemokine Receptor 7 (CCR7) signaling to
infiltrate the CNS, both in mouse models and in xenografts of patient samples.”” However, in a
more recent study, Jost et al. demonstrated that CXCR4 was essential for LMD formation in
mouse and human T-ALL cells and, in contrast with the previous study, that CCR7 was
dispensable, perhaps due to the differences in their animal models.”' Thus, even in one type of
cancer, there is disagreement about the mechanism for LMD formation and further study is
required.

The mechanism driving LMD in B-ALL is still incomplete, even though there are more cases of
B-ALL LMD and more published studies, than in T-ALL. Most recently, Williams et al.
proposed that the ability to infiltrate the meningeal layer was a general ability that the vast
majority of primary human precursor-B-cell ALL tumor cells possessed, regardless of previously
assigned CNS risk.”> Furthermore, they propose that the formation of LMD was likely to be
dependent upon the ability of the B-ALL cells ability to survive and proliferate in the new
meningeal microenvironment.’> Given these observations, the distinction between B-ALL cells
that can and cannot form LMD may be defined by their ability to respond to tumor-derived or
stromal-derived support factors in the meningeal layers.

Unfortunately, there are few studies that address the mechanism behind B-ALL infiltration of the
CNS and meningeal layers. However, these studies support the supposition that the B-ALL cells’
ability to interact with the meningeal microenvironment. B-ALL-derived IL-15, which is
correlated with ALL infiltration of the CNS, has been shown to support in vitro proliferation
under low serum conditions, which the authors compared to low protein CSF.>>** In addition,
human stromal cell types found in the meningeal microenvironment have been shown to attract,
interact, and protect ALL cells from chemotherapy-induced apoptosis.”> However, all the studies



to date have demonstrated correlations between supportive factors and meningeal dissemination
without illustrating a requirement in vivo for those factors. Moving forward, if all B-ALL cells
are able to infiltrate the CNS, but not all can flourish there, patient stratification and prophylactic
inhibition of LMD demands a better definition of the mechanism underlying the ability of ALL
cells to commandeer the meningeal layer.

Murine models of leptomeningeal dissemination

Leptomeningeal dissemination was described as early as 1870,**' but the development of in
vivo animal models to study LMD remains ongoing. Animal models have been established in
mice, rats, rabbits, and guinea pigs to study LMD.*® Historically, the primary function for many
of these animal models was to test the efficacy of systemic and intrathecal chemotherapy or other
treatments in development, such as immunotherapy, as it is thought that the leptomeninges may
serve as a therapy privileged area. Unfortunately, the majority of existing LMD models present
challenging technical complications, such as injection of tumor cells directly into the CSF or
carotid artery, to ensure engraftment of tumor cells in the meninges. Furthermore, such methods
of seeding tumor cells eliminate the possibility of studying the biological mechanisms of early
trafficking and engraftment in the meninges. Animal models that can recapitulate the
spontaneous dissemination of tumor cells to the meninges allow for the best modeling of the
early steps in LMD.

Classically, to model LMD arising from primary brain tumors, the principal models use glioma
or medulloblastoma cells. Two well characterized rat glioma cell lines, C6 and 9L, have
historically been used to study the efficacy of chemotherapy, immunotherapies, and gene transfer
therapies on glioma LMD, using syngeneic transplantation of these tumors directly into the CSF
or intracarotid injection to seed the leptomeninges.”® Researchers have also been able to
xenograft human glioma cells in immune-compromised mice and rats and test chemotherapy
combinations, immunotherapies, and MRI conditions.?**® Medulloblastoma cells are also used to
model primary brain tumor LMD, historically, by human xenografts.® More recently,
spontaneous genetic mouse models have been developed, using activation of the Sonic
Hedgehog (SHH) pathway. Expression of constitutively active Smoothened in granule neuron
precursors induced medulloblastomas with high frequency of LMD.”” Researchers have also
identified genes that may play a role in LMD by using the Sleeping Beauty transposon to screen
on sensitized genetic backgrounds.”~** These spontaneous models of medulloblastoma LMD
are essential, as they allow researchers to dissect the signaling necessary for dissemination to the
meninges.

LMD from solid carcinomas is primarily modeled in animals through intrathecal or intracarotid
injection of syngeneic or allograft cells. Rat and mouse syngeneic models have been used to
study underlying biology, such as immune cell involvement, as well as chemotherapy efficacy.*
The rabbit VX2 carcinoma syngeneic model has been used for MRI studies and chemotherapy
testing.>***" Finally, human solid tumor cells can be xenografted into immune-compromised
rats and mice to study intrathecal immunotherapies.***' For example, human melanoma lines
were xenografted by intracarotid injection in immune compromised mice, giving rise to LMD.*
While these models are optimal for testing therapeutic options on established LMD, spontaneous
animal models with meningeal metastasis of carcinoma cells are rare and limit efforts to
understand the pathophysiology of carcinomatous meningitis development.



As leukemic meningitis is more common in human patients, researchers have been driven to
develop more models of LMD in hematopoietic malignancies. This is aided by the ease of
orthotopically transplanting lymphoma and leukemia cells, which can then spontaneously
disseminate to the meninges. Both genetic mouse models and xenograft models using patient
leukemia or lymphoma cells have been described.”****** Historically, researchers used
mouse, rat, and guinea pig syngeneic models to test chemotherapy efficacy, immunotherapies,
and underlying biology.*® More recently, with a better understanding of the genetic alterations
that drive specific leukemias and lymphomas, researchers have been able to create genetic mouse
models, specifically both transplantation and spontaneous, to model LMD for different
leukemias and lymphomas.’*******® Combined with xenograft of primary human patient tumor
cells, these models have allowed researchers to delve deeper into the components that are critical
for LMD (and CNS). For example, Buonamici ef al. identified that CCR7 signaling is critical in
both a transplantation and spontaneous mouse model of Notch-induced T-cell acute
lymphoblastic leukemia (T-ALL).*® They were further able to demonstrate that CCR7 signaling
was also critical for human T-ALL cells homing to the CNS in a xenograft model, thereby
validating the necessity for animal models to investigate the mechanisms underlying meningeal
dissemination.”® Recent studies examining LMD in B-ALL have suggested that while trafficking
to the meninges may be a common ability,’* formation of symptom inducing LMD may depend
on the ability of the B-ALL cells to survive and thrive in that environment.”**> These studies
emphasize the need for animal models that recapitulate the spontaneous meningeal dissemination
to interrogate the mechanism of early colonization and expansion of tumor cells in the meninges.
In particular, this is essential for B-ALL if all B-ALL cells can traffic to the meninges but not all
can thrive to become LMD.

Cancers of the Hematopoietic System

Cancers of the hematopoietic cancers account for 10% of all cancers."*’ Hematopoietic
malignancies are defined by their common lineage that traces back to the hematopoietic stem
cell, although the mechanism of tumorigenesis and disease presentation and progression varies
between subtypes. The three main subtypes of hematopoietic cancers are leukemia, lymphoma,
and myeloma, which are characterized based on the anatomical location of the malignancy and
the specific cell type that gives rise to the disease. Leukemia is classically defined as a
malignancy of the blood, normally with neoplastic white blood cells accounting for an aberrantly
large fraction of the total blood volume. Leukemia predominately arises in the bone marrow
from an inappropriate outgrowth of transformed myeloid or lymphoid cells, followed by entrance
into blood circulation and continued proliferation. In the United States, leukemia is the most
common form of pediatric cancer, accounting for 30% of all pediatric oncology cases, and the
seventh most fatal cancer in adult patients.' Classically, leukemia is categorized by cell lineage
(myeloid or lymphoid) and progression rate (quickly, referred to as acute, or more slowly,
referred to as chronic). Thus, the four major subtypes are Acute Myelogenous Leukemia (AML),
Chronic Myelogenous Leukemia (CML), Acute Lymphoblastic Leukemia (ALL) and Chronic
Lymphoblastic Leukemia (CLL). Together, these subtypes account for ~90% of all leukemia.
Lymphoma differs from leukemia primarily in the anatomical location of the abnormal cells.
Although they can both arise in the bone marrow, lymphoma cells form solid masses instead of
remaining in blood circulation. Furthermore, lymphoma originates only from the lymphoid
lineage, which includes B-cell, T-cell, and NK-cells. Approximately 90% of lymphomas are
categorized as non-Hodgkin lymphoma (NHL), which are the most aggressive lymphomas and




the eighth most fatal cancer-type in the United States.'*® The remaining 10% of lymphomas are

Hodgkin lymphomas (HL), which are one of the least common and least fatal cancers in the
United States." Finally, although myeloma is not as common as leukemia or lymphoma, but it is
the 15™ most commonly diagnosed cancer in 2016." Myeloma is derived from aberrantly
proliferating plasma cells, usually found in bone marrow throughout the bones of the body, and
commonly associated with debilitating bone degradation.*® Although hematopoietic
malignancies share a common lineage, LMD is predominately observed in patients with
leukemia. Thus, the focus of LMD research in hematopoietic cancers should focus on probing
meningeal dissemination in leukemia models.

B-cell Acute Lymphoblastic Leukemia

Of the four major subtypes of leukemia, ALL is the most common form of pediatric cancer,
representing 20-25% of all pediatric cancer, the majority of which are of the B-cell lineage.*’°
In the pediatric B-ALL patients, cure rates are very promising after prophylaxis for CNS
infiltration, nearing 80-90%.>">" Although not as common in adults, patients with ALL over the
age of 20 have much poorer prognosis, with only 30-40% of patients attaining long term
remission.’’”* In both pediatric and adult ALL, the majority of patients are diagnosed with B-
ALL, with only 10-15% of children and 20-25% of adults presenting with T-ALL.’*>* The
majority of B-ALL malignancies are considered precursor B-ALL, as the tumor cells do not
express IgM, a membrane bound form of immunoglobulin specific to mature B-cells. A small
subset of the B-ALL, roughly 1-5%, express IgM, classifying these leukemias as mature B-cell
ALLs, which includes Burkitt Lymphoma (BL).”® Although the category of B-ALL includes
these mature B-cell malignancies, from here on B-ALL will refer specifically to precursor B-cell
ALLs. Given the strong proclivity for B-ALL cells to disseminate to the meninges, further
characterization of the mechanism underlying LMD formation in B-ALL is essential to develop
prophylactic treatments less toxic than intrathecal chemotherapy.

Genetic Alterations in B-cell Acute Lymphoblastic Leukemia

B-ALL can be further subcategorized by different genetic alterations, each with different
prognoses and expected event free survival (EFS). One important distinction is between B-ALL
with hyperdiploidy (>50 chromosomes) and hypodiploidy (<44 chromosomes), the former of
which is both more prevalent and associated with better prognosis than the latter.”> Mutations
and/or deletions of several gene categories have also been observed in B-ALL patients, most
commonly in genes associated with disrupting the normal B-cell developmental program (Paired
Box 5 (PAX5), IKAROS Family Zinc Finger 1 (IKZFI), and Early B-Cell Factor 1 (EBFI)),
inhibition of tumor suppressor genes (including Tumor Protein P53 (7P53), Cyclin-Dependent
Kinase Inhibitor 2a (CDKN2A), and Retinoblastoma 1(RB/)) and activation of members of other
well studied proliferation signaling pathways (Ras, tyrosine kinase, and cytokine receptor
signaling).’®>*>* However, the majority of the characterized genetic changes in B-ALL are
aberrant translocations between two non-homologous proteins, resulting in abnormal fusion
proteins. These translocations can affect a myriad of anomalous changes, such as inappropriate
activation of signaling pathways, by creating chimeric transcription factors with impaired or
excessive transcriptional activity.

Some of the most common translocations that result in chimeric transcription factors include
t(1;19)(q23;p13), known as E2A4-PBXI, t(12;21), known as TEL-AMLI, and a variety of



translocations involving MLL. These three families of translocations result in unique chimeric
proteins with aberrant transcription factor function. E24-PBX]1 translocations are found in 25%
of pediatric B-ALLs and associated with poor prognosis under the standard therapy regimen.’**
Juxtapositioning of Transcription Factor 3 (E24), a transcription factor critical for normal B-cell
development, and Pre-B-Cell Leukemia Homeobox 1 (PBXI), a transcription factor that
normally regulates the HOX transcription pathway, has been shown to induce transformation in
in vitro assays > and in in vivo mouse models.”® E24-PBX] is thought to promote leukemia
through deregulation of normal E2A function and aberrant transcriptional activity of the novel
fusion protein.”>*>® TEL-AMLI translocations are more common in pediatric B-ALL (30%)
than adult B-ALL (1-3%) and associated with a favorable outcome for pediatric patients.’*>*
This translocation combines the oligomerization and repression functions of ETS Variant 6
(TEL, normally an ETS transcription factor) and the DNA binding activity of Acute Myeloid
Leukemia 1 Protein (AMLI, normally involved in regulating DNA binding of the core-binding
factor to regulate hematopoiesis) to result in binding of AMLI target genes and aberrant
repression of these genes by DNA methylation.”*”**’ Finally, Myeloid/Lymphoid Or Mixed-
Lineage Leukemia Protein 1 (MLL) is associated with a wide variety of different translocations (]
50-70 different translocations have been reported),””" which are extremely common in infant
patients with ALL (85%), but less common in adult patients (3-8%)°">* The most common of the
MLL translocations include ALL1-Fused Gene From Chromosome 4 Protein (4F4), ALL1-Fused
Gene From Chromosome 6 Protein (AF6), ALLI-Fused Gene From Chromosome 9 Protein
(4F9), ALL1-Fused Gene From Chromosome 10 Protein (4F10), and Mixed-Lineage Leukemia;
Translocated to, 1 (ENL), which account for approximately 80% of the whole family of
translocations.”® MLL is normally involved in promoting expression of members of the HOX
family of transcription factors.”>® The MLL translocations all include the N-terminal end of the
MLL protein and the C-terminal end of the fusion partner; studies have shown the chimeric
protein aberrantly activates MLL signaling, and can result in leukemia as a result of increased
self renewal of hematopoietic progenitor cells.*”***% Thus, these commonly observed
translocations contribute to B-ALL tumorigenicity through aberrant transcriptional activity.

One of the most well characterized translocation is t(9;22)(q34;ql1), also known as the
Philadelphia chromosome (Ph), which results in the chimeric BCR-ABL fusion protein. First
described as the predominant driving genetic lesion in CML, BCR-ABL is also expressed in 3-5%
of pediatric and 30% of adult of B-ALL (Ph" B-ALL).”**** Patients with Ph" B-ALL have
extremely poor prognoses and are at higher risk for CNS infiltration and relapse.”*>>***'"% Of
the three isoforms of the BCR-ABL fusion protein, the most common form in Ph” B-ALL is
p190°RABL The fusion of BCR and ABL proteins preserves the tyrosine kinase activity of ABL
kinase and the dimerization domains of BCR, resulting in an aberrantly dimerized and activated
ABL kinase activity.®*®" The constitutively active fusion kinase activates downstream signaling
pathways such as Ras, Akt/PI3K, and STAT signaling that lead to increased proliferation.** %’

The Philadelphia Chromosome: BCR-ABL

The Philadelphia chromosome (Ph), also known as t(9;22)(q34;q11) and the BCR-ABL gene, was
initially described in 1960, when technology was developed that allowed visualization of
chromosomes.®® BCR-ABL is the driving genetic lesion in 90% of all CML patients and is present
in a subset of B-ALL patients (Ph" B-ALL, 3-5% of pediatric patients, 30% of adult
patients).”*>>%**"% The BCR-ABL fusion gene is created by a reciprocal translocation that




juxtapositions the 5’ end of the Breakpoint Cluster Region (BCR) with the 3’ end of the ABL
proto-oncogene 1, non-receptor tyrosine kinase (c-ABL) (Figure 2).%¢’

There are three regions in BCR that give rise to different break points with different amounts of
BCR fused with c-ABL, resulting in different isoforms of BCR-ABL. All the isoforms contain the
same region of c-4BL, starting in exon 2. The most common break point in BCR has been named
major break point (M-bcr) and contains exons 13 and 14. Thus, this creates the junctions el13a2
and el4a2 and the fusion protein p210°“®**P (Figure 2).°7 This isoform of BCR-ABL is the
most common and present in 99% of CML patients and 33% of Ph" B-ALL patients.”” The
second most common isoform of BCR-ABL is p190°“®*PL which is present in the majority of
Ph* B-ALL patients. p190°“®* 5L is formed by translocation at the minor break point (m-ber) in
BCR at exon 1, creating junction ela2 (Figure 2). Finally, use of a third break point in BCR at
exon 19 gives rise to a rare isoform of BCR-ABL known as p230°“* 5" (Figure 2).

All three isoforms of BCR-ABL possess the ability to induce CML-like disease by
overexpression in mouse models through the constitutively active kinase activity of the fusion
protein.”* The BCR portion of the fusion protein contains coiled-coil protein domains that
promote dimerization or oligomerization of the fusion protein.”***” The dimerization of BCR-
ABL proteins facilitates autophosphorylation events, especially at the SH2 and SH3 domains
from c-ABL, which leads to increased recruitment of downstream signaling proteins and
increased signaling.°®®”® Under physiological conditions, c-ABL’s subcellular location
oscillates between the cytoplasm and the nucleus; BCR-ABL is retained in the cytoplasm,
despite a nuclear localization signal, which also contributes to its ability to aberrantly interact
with and drive signaling pathways.®*®” For example, BCR-ABL autophosphorylation results in
increased recruitment of Growth Factor Receptor Bound Protein 2 (GRB2), GRB2 Associated
Binding Protein 2 (GAB2), and Son Of Sevenless Homolog 1 (SOS), which activates the RAS
pathway.®* " RAS activation leads to downstream activation of both the MAPK and
AKT/PI3K signaling pathways, which leads to increase proliferation and decreased
apoptosis.””’® BCR-ABL is also known to increase STAT signaling directly and indirectly by
phosphorylation of Signal Transducer And Activator of Transcription (STAT) 1 and 5, and
Hematopoietic Cell Kinase (HCK), respectively.®®®”’ BCR-ABL is also known to affect actin
cytoskeletal function through interactions with the RAC GTPases and downstream signaling
molecules such as CRK Like Proto-oncogene, adaptor protein (CRKL), Casitas B-Lineage
Lymphoma Proto-Oncogene (CBL), Paxillin (PXN), and other actin interacting proteins.*®*"°

Although all three isoforms of BCR-ABL have similar abilities in CML, pl190PRAPL
preferentially induces B-cell acute lymphoblastic leukemia in mice over the other isoforms.®”
Thus, in mouse models of Ph" B-ALL, the p190°“®*P" jsoform is primarily chosen to drive
leukemogenesis.***”! Furthermore, disruption of the tumor suppressor CDKN2A/B (from here,
known as ARF) function in patients with Ph” B-ALL has been frequently reported, with some
reports as high as 64% of patients.”>"* It has been shown that expression of BCR-4BL in mouse
B-cells induces the Arf protein and promotes apoptosis,” explaining the high frequency of
observed loss of ARF in human patients. Together, these two genetic lesions give rise to a highly
clinically relevant, reproducible, and genetically tractable system for studying B-ALL, as
described by Williams ez al.** This model of Ph* Arf” B-ALL has been used for a wide variety of
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studies, including studying cooperating genetic lesions’ "

specific inhibitors.**7"®

and the response and resistance to Ph

Bone Homeostasis

Bone homeostasis is a tightly regulated process to ensure the proper balance between bone
degradation and bone formation. Under normal physiological conditions, the balance between
these two states may shift to favor either degradation or formation of bone, but the process for
one is tightly coupled to the other so that homeostasis is maintained. To connect the process of
bone degradation and formation, osteoclasts (OCs) and osteoblasts (OBs), the two cell types
directly responsible for bone degradation and formation, respectively, and other cell types in the
bone microenvironment communicate and regulate the function and differentiation of OCs and
OBs (Figure 3). Other cells in the bone microenvironment that contribute to bone homeostasis
are osteocytes, bone lining cells, osteomacs, and B- and T-cells.”

OCs are large, multi-nucleated cells, derived from the hematopoietic lineage, that function to
secrete proteolytic enzymes and to create localized acidic environments to break down bone.””*
OCs use their actin cytoskeleton to form tight seals between the OCs and the surface of the bone,
creating resorption lacunae into which the OCs secrete acid and proteinases and from which the
OCs absorbs growth factors and other degradation products released from the bone, to release
into the micronenvironment.®" OCs are differentiated from osteoclast precursors (OCPs), which
are mononucleated myeloid/monocyte/macrophage progenitor cells, although the exact
molecular marker definition of the OCP is not conclusively defined.”**® It has been well
established that OCs can be derived from OCPs found in whole bone marrow, which is the
primary source for OCPs for in vitro differentiation studies with mouse cells, and in the
peripheral blood, from which peripheral blood mononuclear cells (PBMCs) are harvested for
studying human OC differentiation in vitro. Other studies have reported unique subsets of
myeloid/monocytic cells may be able to serve as OCPs, as demonstrated by a population of
myeloid derived suppressor cells (MDSCs) differentiating into OCs in a mouse model of
rheumatoid arthritis.”> Regardless of the source, OCPs require Macrophage Colony Stimulating
Factor (m-CSF), for proliferation and survival, and Receptor for Activation of Nuclear Factor
Kappa B Ligand (RANKL) to drive differentiation and fusion of OCPs into mature, bone
resorbing OCs. RANKL has been shown to be the most essential factor for OC differentiation,
both in in vitro differentiation assays and in vivo, as Rankl” mice fail to form OCs and are
osteopetrotic.** Binding of RANKL to its cognate receptor Receptor Activator Of NF-«kB
(RANK) on the surface of OCPs drives a specific gene expression program driven by Nuclear
Factor Kappa B (NFxB).” m-CSF is predominantly secreted by OBs and other stromal cell
types; RANKL is thought to be expressed by OBs, osteocytes, vascular endothelial cells, and T-
cells.” OB may also secrete osteoprotegerin (OPG), which is a soluble secreted decoy receptor
for RANKL and serves to inhibit differentiation of OC.””**> Nevertheless, in pathological
conditions, m-CSF and/or RANKL may be secreted aberrantly to drive abnormal OC activity (to
be discussed in later sections).

OBs are the lone cells directly mineralizing and forming bone. There are two types of bone
formation: intramembranous and endochondral ossification, which are defined by the different
tissue that is mineralized to form the bone. Intramembranous ossification occurs when
connective tissue, formed primarily from collagen, is ossified, primarily in flat bones (such as the
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skull and shoulder blades). Endochondral ossification occurs when previously formed cartilage is
gradually ossified and replaced with bone, such as the elongation of the long bones (such as the
tibia and fibia).” OBs are the cell type that is responsible for the mineralization in both
intramembranous and endochondral ossification. OBs are derived from the mesenchymal stem
cell lineage and directly differentiate from preosteoblasts, which, although they do express
alkaline phosphatase (AP), are not able to mineralize bone.” Differentiation of OBs is highly
dependent upon Wnt signaling and expression of Wnt inhibitors (such as Dickkopf-1 (DKK-1)
and Secreted Frizzled Related Protein (sFRP)) will inhibit OB differentiation, and therefore,
function. Transforming Growth Factor B (TGFf) and Bone Morphogenetic Protein (BMP)
signaling can also drive recruitment and differentiation of OBs, and serve as mechanism to
couple bone degradation and formation, as TGFB and BMP are stored in the bone matrix and
released by osteoclast mediated bone degradation.””® Likewise, OBs serve to positively regulate
OC activity through expression of m-Csf and Rankl. OB expression of these factors can also be
induced in the microenvironment by factors such as Parathyroid Hormone Related Protein
(PTHrP), Tumor Necrosis Factor o, (TNFov), Interleukin-1 (IL-1) and 1,25-(OH), vitamin D3.”%
OBs can also positively and negatively regulate OCPs. OBs express chemoattractants, some of
which are embedded in the bone matrix and only released upon OC activity, which recruit OCPs
to the local site of bone remodeling and increase OC numbers. Alternatively, OBs also
negatively regulate OCs through secretion of OPG to inhibit OC differentiation from OCPs.
Finally, after bone formation is complete at a given site, the majority of OBs will apoptose, while
some terminally differentiate into osteocytes or bone lining cells. Thus, OBs are not only critical
for bone formation, but also for tightly controlling OC activity.

Both osteocytes and bone lining cells are terminally differentiated from OB and function to
contribute to OC and OB regulation.””*** Osteocytes are embedded within lamellar bone and
are thought to contribute to regulating OCs and OBs, as well functioning as a sensor for
mechanical strain on the bone.””™ In response to hormones, such as Parathyroid Hormone (PTH)
and mechanical stress, osteocytes down regulate Sclerostin, which normally functions to inhibit
OB activity; thus, in the presence of PTH or mechanical stress, osteocytes function to activate
OB mediate bone formation.*® This is consistent with the observation that increased mechanical
stress in the form of exercise can lead to increased bone mass, while decreased loading of the
bones leads to bone loss (i.e. space related bone loss). Moreover, in the absence of mechanical
stress, osteocyte apoptosis is induced, which stimulates OC activity and bone loss.* Osteocytes
can also directly secrete RANKL or OPG to regulate OC differentiation.*® Bone lining cells are
also terminally differentiated OBs, although less well characterized as osteocytes. It has been
suggested that during the early stages of bone degradation, the bone lining cells are revealed and
migrate to form a “canopy,” which serves to keep the local area of remodeling (and secreted
factors) contained to support the coupling of the OC and OB activities.””"®” Furthermore, it has
also been suggested that the bone lining cells may support OCP differentiation in the local
environment through expression of membrane bound RANKL, inducing only local
differentiation.®” Therefore, both osteocytes and bone lining cells contribute to regulating the
balance between OCs and OBs.

Osteomacs are a population of resident macrophages in the bone that function to positively

regulate bone mineralization.”” Although macrophages have been observed as a part of the bone
microenvironment, Chang et al. coined the term “osteomac” and demonstrated that these resident
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macrophages support the OB population and function.*” Furthermore, Chang et al. were able to
remove the osteomacs in vivo and demonstrate a loss of bone mass, consistent with an imbalance
in bone homeostasis favoring osteoclast activity and the observed loss of osteoblasts. *
Interestingly, these studies suggest that the osteomacs may not serve as a pool of OCPs, as there
was not a concurrent reduction in OC activity.”

T- and B-cells have also been shown to play a role in bone homeostasis. Under normal
physiological conditions, studies suggest that both T-cells and B-cells function to inhibit
osteoclastogenesis.” T-cell inhibition of osteoclast differentiation was demonstrated in vitro and
in vivo: depletion of T-cells (CD4" and CD8") from mouse bone marrow enhanced
osteoclastogenesis and mice depleted of T-cells also displayed a higher level of osteoclast
activity as evidenced by their decrease bone mass.”” However, under inflammatory conditions,
such as those found in arthritis, activated T-cells are induced to secrete RANKL, which acts to
stimulate osteoclastogenesis and bone loss.”””"* Similarly, B-cells have been shown to inhibit
osteoclast differentiation in vivo, as B-cell deficient mice have decreased bone mass. This
decrease in bone mass is proposed to be the result of increased osteoclast activity due to the loss
of B-cell secreted OPG.” As T-cells have been shown to support B-cell secretion of OPG, it is
likely that decreased levels of OPG in T-cell deficient mice contribute to their loss of bone
mass.” As in T-cells, activation of B-cells in an inflammatory context can induce Rankl
expression, which can support osteoclastogenesis.”!

Osteolysis in Cancer

Under pathological conditions, the balance between bone formation and bone degradation can be
skewed, resulting in aberrant bone loss or aberrant bone growth. Such imbalance in bone
homeostasis can occur when cancer cells metastasize to the bone. Metastatic lesions that result in
bone loss are called osteolytic lesions, while those that cause bone formation are called
osteoblastic lesions. As stated earlier, certain cancer types show preferential metastatic potential
for bone, most commonly breast and prostate carcinomas. Multiple myeloma (MM) is a
hematopoietic malignancy of plasma cells and commonly resides in the bone marrow; although
these are not classified as bone metastases, MM is commonly associated with osteolysis and will
also be summarized here.

Breast cancer cells frequently metastasize to the bone and it is estimated that 50-70% of breast
cancer patients will have bone metastasis at autopsy.””* In breast cancer, although some bone
metastases are characterized as osteoblastic (bone forming) lesions, the vast majority of breast
cancer bone metastasis are diagnosed as osteolytic lesions, characterized by bone loss around the
breast cancer cells. These lesions begin the “vicious cycle,” wherein the breast cancer cells drive
osteoclast differentiation, resulting in growth factor release from the bone matrix, which supports
the breast cancer cell proliferation and survival.”® Specifically, breast cancer cells have been
shown to secrete PTHrP, which drives increased expression of Rankl and decreased expression
of Opg in the bone microenvironment, resulting in the differentiation and activation of
osteoclasts.””® The active bone degradation caused by osteoclasts releases matrix bound growth
factors, such as TGF, fibroblast growth factors (FGFs), insulin-like growth factors (IGFs), and
BMPs, which function to support the growth and survival of the colonizing breast cancer
cells.”*" Breast cancer cells may also secrete TGFP, which can induce the local
environment to produce factors known to promote osteoclast differentiation.'” Thus, the most
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essential aspect of the breast cancer cells’ induction of osteolysis is the ability to shift the balance
of bone homeostasis in favor of osteoclast activation.

Prostate cancer also frequently metastasizes to the bone, with as many as 70-80% of patients
with metastasis developing bone metastasis.”” '°' Although the majority of these patients have
osteoblastic lesions, rather than osteolytic, a portion of prostate cancer bone metastasis contains
osteolytic lesions. Studies have shown that prostate cancer cells can promote osteolysis through a
variety of different mechanisms than breast cancer cells. For example, prostate cancer secreted
RANKL can directly stimulate osteoclast precursors to differentiate into mature osteoclasts.'"'*
Other studies have suggested that increased levels of DKKI may promote the osteolytic
environment by shifting the balance away from osteoblast activity.'”® Prostate cancer cells may
also promote an osteolytic environment through the expression of matrix metalloproteinases
(MMPs), such as MMP9, which promote osteoclast activity.'” Again, as in breast cancer, the
ability to form osteolytic metastasis depends upon the ability of the prostate cancer cells to shift
the balance by either enhancing osteoclast activity or decreasing osteoblast activity.

Finally, multiple myeloma (MM) is a hematopoietic malignancy of plasma cells that arises in the
bone marrow and is frequently accompanied by extensive osteolysis.'**'% It is estimated that at
least 85% of MM patients present with osteolytic lesions, as opposed to breast and prostate
cancers which generally develop later during metastatic disease.'®"'°® Furthermore, the effects of
MM on bone have been characterized as a purely lytic, with no traces of new bone growth. Thus,
the balance between osteoclast and osteoblast activity is unequivocally shifted towards osteoclast
activity. MM cells cause this shift by both enhancing osteoclasts and inhibiting osteoblasts. To
promote osteoclast activity, not only do MM cells express Rankl, they also actively decrease
levels of OPG in the microenvironment through two mechanisms: suppression of Opg expression
and active encapsulation of OPG.'"*'%'% MM cells also secrete Macrophage Inflammatory
Protein 1o and 1 (MIP-1o and MIP-1p), and C-X-C Motif Chemokine Ligand 12 (CXCL12),
which all promote osteoclast activity through recruitment of osteoclast precursors and driving
osteoclast differentiation.'**'% Finally, like prostate cancer cells, MM cells inhibit osteoblast
activity to further drive the environment towards osteolysis through expression of DKK-1 and
sFRP-2, both of which inhibit Wnt signaling and suppress osteoblast differentiation and
activity.'®'° Thus, the osteolysis associated with MM depends on the ability to shift bone
homeostasis to favor osteoclast activity.

Summary
Across all cancer types, human patients predominately succumb to metastatic tumor disease,

rather than their primary tumors. Of all the sites of metastasis, the CNS remains one of the most
fatal locations for disseminated tumor cells, as it represents one of the most challenging tissues to
treat and improper CNS function can be fatal. Thus, patients with CNS metastasis are faced with
extremely poor prognoses and treatments are often palliative, rather than curative. Primary brain
tumors, carcinomas, and hematopoietic malignancies metastasize to the CNS, but leukemic
dissemination to the meninges is one of the most frequently observed CNS metastases. Of all
leukemia subtypes, B-ALL patients are at such great risk for LMD that prophylactic intrathecal
chemotherapy is the gold standard treatment. Unfortunately, although this prophylaxis has
decreased LMD frequencies, bathing the CNS in toxic chemotherapy often results in
neuropathies that decrease patient quality of life. As the mechanism that controls leukemia
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dissemination to the meninges is undefined, we are unable to develop more targeted therapies to
prevent LMD formation in B-ALL patients. Thus, deeper understanding of the biology that
drives LMD is essential to better stratify patients and create prophylactic treatments with fewer
negative side effects.

B-ALL patients may have a variety of different genetic aberrations, but expression of the
Philadelphia chromosome is associated with particularly poor prognosis due to high rates of
relapse in the meninges. Previous research suggests that B-ALL cells may thrive in the meninges
due to their interaction with local microenvironment. Other cancer subtypes have been shown to
manipulate bone homeostasis to promote their own survival and proliferation through increasing
osteoclast activity. We propose here that Ph® B-ALL may be predisposed to meningeal
dissemination through aberrant activation of osteoclast activity. It appears that abnormally
elevated ABL kinase activity from the fusion protein BCR-ABL inappropriately activates StatSa
signaling, which promotes expression of Rankl and Tnfo and aberrant osteoclast differentiation
and activity. Thus, osteoclast activation driven by BCR-ABL in Ph” B-ALL patients may enrich
the meningeal microenvironment to support B-ALL dissemination.
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Figure 1. Cranial Meningeal Anatomy. In the cranium, the brain parenchyma (white) is
encased in the meninges (pink) and the skull (tan). In a closer view (inset), the skull bone
contains pockets of bone marrow called diplo€. Underneath the skull, the meninges are made of
three layers called the dura mater (green), the arachnoid mater (orange) and the pia mater (red).
CSF contained in the sub-arachnoid space can drain through the arachnoid mater into the sinuses
(blue triangle) found in the dura mater.
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Figure 2. Isoforms of BCR-ABL. BCR-ABL is found in three isoforms: p190, p210, and p230.
They are formed through translocation between different breakpoints in BCR (blue) and the same
region of ABL (pink). The isoforms can be distinguished by the location of the break point at
different exons in BCR: exon 1 (el), exon 13 (el3), exon 14 (el4), and exon 19 (e19). This
results in four different translocations that give rise to the three protein isoforms. The p190
isoform is most commonly found in Philadelphia chromosome B-cell acute lymphoblastic
leukemia (and will be used in all experiments described here). The p210 and p230 isoforms are
most commonly found in chronic myelogenous leukemia (CML).
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Figure 3. Bone homeostasis is balance between bone degradation and formation. Bone
degradation is mediated by osteoclasts (OC, light blue). Osteoclasts are derived from the
hematopoietic stem cell (HSC, dark blue) lineage, immediately differentiated from
monocytic/myeloid osteoclast precursor cells (OCP, medium blue). This differentiation process
is primarily driven by RANKL (green circles) binding to cognate receptor RANK (green Y shape)
on the surface of OCP. OC mediated bone degradation results in the release of factors stored in
the bone matrix, such as IGFs, FGFs, TGFB, and BMPs. Bone formation is mediated by
osteoblasts (OB, light red). Osteoblasts are derived from the mesenchymal stem cell (MSC, dark
red) lineage, immediate differentiated from pre-osteoblasts (pre-OB, medium red). Osteoblasts
may terminally differentiate into either bone lining cells (pale pink) or osteocytes (bright pink).
Osteoblasts regulate osteoclast differentiation through secretion of RANKL and a soluble decoy
receptor for RANKL, OPG (red Y shape). Osteocytes may also serve as a source for RANKL.
Thus, the balance between bone degradation and formation is tightly regulated and coupled: OBs
regulate bone degradation through RANKL and OPG expression to control OC differentiation,
while OCs regulate bone formation by releasing factors, such as TGF[} from the bone to promote
OB differentiation and activation.
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Chapter 2
Methodology
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Molecular cloning

The top ranking 21-bp sense sequences targeting Rankl, Statl, Stat3, Stat5a, Stat5b, and Tnf-o
were selected from the Genome Perturbation Platform (Broad Institute) as listed in Table 1. Gene
specific oligos synthesized (Invitrogen) with pLKO.1 specific flanking sequence (forward oligo
57 CCGG - sense — CTCGAG — antisense — TTTTTG 3’ and reverse oligo 5> AATTCAAAAA —
sense — CTCGAG — antisense 3’). Oligos were resuspended to 20uM and annealed in NEB
Buffer 2 by a 5 minute melt at 95°C, incubation at 70°C for 10 minutes, and cool down of
0.2°C/sec until the thermocycler reached 10°C. Annealed oligos were cloned into Agel/EcoRI
digested pLKO.!1 lentiviral vector using T4 Ligase (NEB, M0202) at 16°C overnight. Ligated
plasmid was transformed into DH5o competent cells, plated on ampicillin resistant plates, PCR
colony screened for inserts (AAGAATGTGCGAGACCCAGG and CAAGGCTGTTAGAGAG
ATAATTGGA), and sequence verified (UC Berkeley DNA Sequencing Facility).

shRNAs targeting Tnf-o were selected from the Genome-wide Sensor-Based shRNA predictions
(Fellmann et al. 2013) and cloned as previously described.''’ Briefly, 97-mer oligos were
synthesized (Invitrogen) as listed in Table 1. The 97-mers were PCR amplified
(TGAACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG and TCTCGAATTCTAGCCCC
TTGAAGTCCGAGGCAGTAGGC) with Phusion (NEB, catalogue no. M0530S), digested
EcoRI/Xhol and cloned into EcoRI/Xhol digested miR-E lentiviral vector pRRL-GFP-Puro.
Colonies were screened by PCR wusing a sequence specific primer and MSCV 5’
(CCCTTGAACCTCCTCGTTCGACC) and sequence verified (UC Berkeley DNA Sequencing
Facility).

Cell culture

Arf” BCR-ABL B-cell acute lymphoblastic leukemia lines (generous gift from Dr. C. Sherr at St.
Jude Children’s Hospital) were maintained in RPMI 1640 (Gibco, catalogue no. 11875093) with
10% fetal bovine serum, 4mM glutamine (Gibco, catalogue no. 25030081), 1x
penicillin/streptomyocin (Gibco, catalogue no. 10378016), and 55uM 2-mercaptoethanol (Sigma
Aldrich, catalogue no. M3148). Cells were seeded at 0.2 x 10° cells/mL and split when density
reached 2-4 x 10° cells/mL.

Primary murine B-cells were harvested from bone marrow from Arf” and wildtype 4-6 week old
mice and cultured in RPMI 1640 (Gibco, catalogue no. 11875093) with 10% fetal bovine serum,
4mM glutamine (Gibco, catalogue no. 25030081), 1x penicillin/streptomyocin (Gibco, catalogue
no. 10378016), and 115 uM 2-mercaptoethanol (Sigma Aldrich, catalogue no. M3148),
supplemented with 2.5 ng/mL IL-7 (R&D Systems, catalogue no. 407-ML-005).

Eu-Myc and Eu-Myc p53"" lymphoma cells were cultured on irradiated 3T3 feeder cells in 45%
DMEM (Gibco, catalogue no. 11995065) 45% IMDM (Gibco, catalogue no. 12440-053) with
10% fetal bovine serum, 4mM glutamine (Gibco, catalogue no. 25030081), 1x
penicillin/streptomyocin (Gibco, catalogue no. 10378016), and 50 uM 2-mercaptoethanol
(Sigma Aldrich, catalogue no. M3148).

293T cells and Phoenix E cells were maintained in DMEM (Gibco, catalogue no. 11995065)
with 10% fetal bovine serum, and 1x penicillin/streptomyocin (Gibco, catalogue no. 10378016).
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For shRNA expression in Arf” BCR-ABL B-ALL cells, shRNA was transduced through lentiviral
infection with either pLKO.1 or miR-E constructs. 293T cells were plated at 1.7 x 10° cells/100
mm plate and transfected the following day with either pLKO.1 or miR-E shRNA constructs,
along with lentiviral packaging plasmids using polyethylenimine (linear, MW 25000,
Polysciences, Inc, catalogue no. 23966). Media was exchanged at 48 hours post-transfection to
RPMI, supplemented as described. At 72 hours, lentiviral-containing supernatant was filtered
through a 0.45um filter and added to B-ALL cells in a 1:1 ratio with 4pug/mL of polybrene.
Selection with puromycin at 1pg/mL was started 48-72 hours post-infection and maintained for
48 hours. RNA was collected to evaluate knockdown efficiency 48-72 hours after puromycin
selection ended.

B-ALL cell transplantation

To establish B-ALL in vivo, 4 week old, female, non-irradiated C57BL/6 were intravenously
transplanted with 0.1 x 10° 4rf” BCR-ABL B-ALL cells. Animals were monitored and sacrificed
when displaying signs of terminal illness, which include weight loss, dehydration, decreased
mobility, unkempt fur, and respiratory distress. For tumor kinetic studies, animals were

sacrificed pre-terminally on days 3, 6, 9, 12, and 14 after tumor transplantation, and terminally at
17 and 20 days.

For bisphosphonate and RANK-Fc experiments, 4 week old, female non-irradiated C57BL/6
mice were pretreated for 2 weeks and then through the duration of the experiment with either
bisphosphonate (5 mg/kg weekly, intravenously), RANK-Fc (10 mgkg twice weekly,
subcutaneously) or PBS (by same method and schedule as drug treated animals). At 6 weeks of
age, the mice were transplanted with 0.1 x 10° Arf” BCR-ABL B-ALL cells and monitored.
Cohorts of mice were collected at early (11-12 days post-transplantation), middle (16 days post-
transplantation) and late (20 days post-transplantation) time points.

Eu-Myc mouse model of Burkitt Lymphoma

p53” male mice were crossed to Eu-Myc/+ female mice to generate Eu-Myc p53*" offspring.
Mice were genotyped for the presence of the Eu-Myc transgene and for p53 status, although Eu-
Myc p53™" offspring were identifiable by phenotype by 21 days due to runty size. Animals were
monitored and sacrificed when displaying signs of terminal illness, which include weight loss,
dehydration, decreased mobility, unkempt fur, and respiratory distress. Terminal illness was
generally ~50 days for Eu-Myc p53 * mice and 90-120 days for Eu-Myc p53 “* mice. All mice
were kept on the C57BL/6 background.

Osteoclast inhibition reagents

Pamidronate disodium pentahydrate (LKT Laboratories, catalogue no. P0049) was dissolved in
PBS at 0.33 mg/mL and dosed at 5 mg/kg. RANK-Fc was a generous gift from Amgen, Inc
through the Extramural Research Alliances program.

Histology
Collected tissues were fixed overnight in 10% buffered formalin (Fisher Scientific, catalogue no.

SF100-4). Tissues containing bone (skulls, long bones, spines, and rib cages) were decalcified
for in 10% EDTA (Fisher Scientific, catalogue no. S316-212) for 5-7 days. All tissues were
embedded in paraffin (American MasterTech, catalogue no. EMPARREGCS) and sectioned into
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6 um sections onto Fisherbrand Superfrost Plus Microscope slides (Fisher Scientific, catalogue
no. 12-550-15) for routine staining or TruBond 360 Adhesive Microscope slides (IHC World,
catalogue no. IW-T380) for immunohistochemistry. Hematoxylin (Thermo Scientific, catalogue
no. 22-050-111) and eosin (Thermo Scientific, catalogue no. 22-050-110) (H&E) staining was
conducted in a Gemini AS Automated Slide Stainer (Thermo Scientific). Tissues were stained
for tartrate resistant acid phosphatase (TRAP) using the Acid Phosphatase, Leukocyte (TRAP)
kit (Sigma Alridch, catalogue no. 387A) and mounted in Fluoromount-G Slide Mounting
Medium (Fisher Scientific, catalogue no. OB100-01) following deparaffinization in Histo-Clear
(Fisher Scientific, catalogue no. 50-899-90147) and rehydration in graded alcohol. For detection
of Pax5 (Santa Cruz Biotechnology, catalogue no. sc-1974), representative sections were
deparaffinized and rehydrated in graded alcohol and subjected to antigen retrieval treatment with
Ix Dako Target Retrieval Solution, pH 6.1 (Dako, catalogue no. S1699). Sections were treated
with 3% hydrogen peroxide, blocked in 5% BSA (Sigma Aldrich, catalogue no. A7906),
incubated in primary antibody (diluted in 1% BSA) overnight at 4°C in humid chambers.
Antibody binding was visualized through secondary biotin coupled antibody (Jackson
ImmunoResearch, catalog no. 705-065-147), avidin-HRP (Vector Laboratories, catalogue no.
PK-7100) and Diaminobenzidiene (DAB) kit brown (Invitrogen, catalogue no. 002014). Samples
were counterstained in Mayer’s Hematoxylin (Fisher Scientific, catalogue no. 50-318-42).

Osteoclast quantification

The number of osteoclasts was analyzed by quantifying the number of TRAP positive cells along
frontal and parietal bones of the calvaria, normalizing to the length of bone analyzed on the
periosteum and endosteum surfaces.

Tumor area quantification

The surface area of tumor within the diploe and meninges in the skull (along the calvaria,
structures under the brain were not included) was quantified using Photoshop software (Adobe
Creative Cloud) and normalized to the total surface of the brain.

mRNA analysis by real-time PCR

Cultured cells and fresh-harvested tumors were processed to a single cell suspension, spun down
at 1000 rpm for 5 minutes, and lysed in TRIzol Reagent (Invitrogen, catalogue no. 15596026).
RNA was extracted following the manufacturer’s protocol with an additional chloroform wash
and followed by an ethanol precipitation. mRNA was converted to cDNA using the iScript
Advanced cDNA Synthesis Kit (Bio-Rad, catalogue no.1725038). mRNA levels were analyzed
real-PCR with SYBR reagents (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad) for
the genes listed in Table 2.

CRISPR design and electroporation

sgRNA oligos targeting upstream or downstream of the first exon of Rankl were synthesized
(Invitrogen) with the sequences listed in Table 3. Each individual oligo and oligo T7RevLong
(AAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTT
AACTTGCTATTTCTAGCTCTAAAAC) were amplified with amplification primers
T7FwdAmp (GGATCCTAATACGACTCACTATAG) and T7RevAmp (AAAAAAGCACCGA
CTCGG) using Phusion (NEB, catalogue no. M0530S). sgRNAs were transcribed from the PCR
product using T7 RNA polymerase (NEB, catalogue no. M0251S), treated with DNAse to

22



remove PCR product (NEB, catalogue no. M0303L) and purified by the MEGAclear
Transcription Clean-Up Kit (Ambion, catalogue no. AM1908). Purity was checked on the
BioAnalyzer (UC Berkeley Functional Genomics Laboratory). sgRNAs were pre-complexed
with Cas9 protein (QB3 Macrolab, UC Berkeley) in a 1:1.5 molar ratio (final concentration of 8
uM Cas9/sgRNA complex) in the following solution: 20 mM HEPES pH 7.5 (Sigma Aldrich,
catalogue no. H3375), 150 mM KCI (Sigma Aldrich, catalogue no. P9333), 1 mM MgCl (Sigma
Aldrich, catalogue no. M8266), 10% glycerol (Fisher Scientific, catalogue no. BP229), and 1
mM reducing agent TCEP (tris(2-carboxyethyl)phosphine, Sigma Aldrich, catalogue no. C4706).
The Cas9/sgRNA complex was incubated for 10 minutes at 37°C, then electroporated into Arf”
BCR-ABL B-ALL cells using programs CA-137 or CV-104 and the SF Cell Lin 4D-Nucleofector
X Kit L (Lonza, catalogue no. V4X(C-2024) on the Lonza 4D Nucleofector. Cells were cultured
and plated for single cell clones and expanded. Editing efficiency was tested in bulk and single
cell clones by PCR with following primers: RANKL ext 5' (GAGCCAGAAACCAACCACTQG),
RANKL ext 3° (GCAGTCCAAGCAATGACACA), RANKL int 5 (ACTAACCGACCTGTTC
CCTG), and RANKL int 3’ (TTGGGAAGCTTAGATGCCCA).

Proliferation assay

0.4 x 10° cells were plated at a density of 0.2 x 10° cell/mL in RPMI, supplemented as described,
per well of a 6-well plates. At 48 hours, the total number of cells per well was quantified and 0.4
x 10° cells were re-plated into a new well of a 6-well plate. Cells were counted for both
shRANKL and shSCRAMBLE expressing B-ALL cells every 2 days for 8 days.

BCR-ABL overexpression

For BCR-ABL overexpression studies, primary B-cells harvested from Arf” or wildtype 4-6
week old mice or Eu-Myc or Eu-Myc p53"" lymphoma cells were infected with MSCV-BCR-
ABL-IRES-GFP. Phoenix E cells were plated at 7.9 x 10° cells/100 mm plate and transfected the
following day with MSCV-BCR-ABL-IRES-GFP and retroviral packaging plasmid using the
calcium phosphate transfection protocol as previously described. Briefly, Phoenix E cell media
was changed to contain chloroquine at 25 uM. 500 pL of 2x HBS was added drop wise to an
agitating mix of 16 pg of the MSCV vector, 8 pg of the helper plasmid, 62.5 pL of 2M CaCl, in
sterile water, total volume 500 puL. After 5 minutes of incubation, the DNA mix was added drop
wise to the plate of Phoenix E cells. Media was changed to collection media 24-48 hours after
transfection and collected from 48-96 hours. For experiments with primary B-cells, except for
the short-term experiment, cells were infected 2-6 times over the first 3 days of culture, cultured
for another 4-5 days, then sorted for GFP positivity and collected for RNA. In the short-term
primary B-cell experiment, cells were infected after 5 days of culture and sorted 48 hours after
the first infection. For experiments with Eu-Myc or Eu-Myc p53"" lymphoma cells, cells were
infected 2-6 times, sorted for GFP positivity, and cultured to expand the GFP+ lymphoma cells.
mRNA levels were assessed in the GFP+ subset of primary B-cells and lymphoma cells.
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shRNA Vector Targeting Sequence

shRANKL #1 pLKO.1 GCTGATGGTGTATGTCGTTAA
shRANKL #2 pLKO.1 ATTACCTGTACGCCAACATTT
shRANKL #3 pLKO.1 CTGATGGTGTATGTCGTTAAA
shRANKL #4 pLKO.1 ATGATAGTGTGAAGGGTTAAG
shTNFa #1 pLKO.1 CCTCCCTCTCATCAGTTCTAT
shTNFo #2 pLKO.1 CACTCAGATCATCTTCTCAAA
shTNFo #3 pLKO.1 CGATGGGTTGTACCTTGTCTA
shTNFo #4 pLKO.1 GCTATCTCATACCAGGAGAAA
shTNFa #5 pLKO.1 AGCCGATTTGCTATCTCATAC
shTNFa #6 pLKO.1 CCCTGGTATGAGCCCATATAC
shTNFo #7 pLKO.1 ACCACCATCAAGGACTCAAAT
shTNFo #8 pLKO.1 TCAATCTGCCCAAGTACTTAG
shTNFo #9 miR-E ACGGCATGGATCTCAAAGACAA
shTNFo #10 miR-E ACGGGTCATTGAGAGAAATAAA
shTNFa #11 miR-E GACAGACATGTTTTCTGTGAAA
shSTATI1 #1 pLKO.1 CCTATGAGCCCGACCCTATTA
shSTATI1 #2 pLKO.1 GGACTAGAGTGCGAGTATTTG
shSTATI #3 pLKO.1 ACGCCTTTGGGAAGTATTATT
shSTATI1 #4 pLKO.1 CTGTTACTTTCCCAGATATTA
shSTAT3 #1 pLKO.1 CACCATTCATTGATGCAGTTT
shSTAT3 #2 pLKO.1 CGACTTTGATTTCAACTACAA
shSTAT3 #3 pLKO.1 CGACTTTGATTTCAACTACAA
shSTATSA #1 pLKO.1 GCCATTCACGACGCGAGATTT
shSTATSA #2 pLKO.1 TTGACCAAGATGGCGAGTTTG
shSTATSA #3 pLKO.1 GACGTGAGATTCAAGTCTAAC
shSTATSB #1 pLKO.1 CCCATCGAGGTGCGACATTAT
shSTATSB #2 pLKO.1 CGCTTCTCTTTGGAAACAATA
shSTATSB #3 pLKO.1 CGGCCAAAGGATGAAGTATAT

Table 1. shRNA Targeting Sequences.
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Gene

Forward Primer

Reverse Primer

Rankl CATTTGCACACCTCACCATC ATGATGCCGAAAGCAAATGT
Rank CCAGGAGAGGCATTATGAGC CCAGGAGAGGCATTATGAGC
Opg AGTCCGTGAAGCAGGAGTG CCATCTGGACATTTTTTGCAAA
m-Csf | TTCAAGCTCTTTCTGAACCGTGTA | GCCTTGTTTTGTGCCATTAAGAAG
c-Fms | CATCCACGCTGCGTGAAG GGGATTCGGTGTCGCAATAT
Tnfo CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
-1 CGAAGACTACAGTTCTGCCATT GACGTTTCAGAGGTTCTCAGAG
1l-1B AGGCTCCGAGATGAACAACA TTGTCGTTGCTTGGTTCTCC

1l-6 GCCAGAGTCCTTCAGAGAGATACA | GCACTAGGTTTGCCGAGTAGA
1l-15 CATCCATCTCGTGCTACTTGTG GCCTCTGTTTTAGGGAGACCT
1l-34 GGACTCGCCTGGCTATACTG CTGAAGCCGGTTCTTGTACTG
Sppl TCTGATGAGACCGTCACTGC CGCTCTTCATGTGAGAGGTG
Mmp7 | TAGGCGGAGATGCTCACTTT GAGAGTGGCCAAATTCATGG
Mmp9 | AAAACCTCCAACCTCACGGA AGGGAGAGCTGCTTCTGAAG
Mmpl12 | TTACACTCCGGACATGAAGC TGTACCACCTTTGCCATCAA
s-Frp2 | CTAGTAGCGACCACCTCCTG GGTGTCTCTGTTGATGTACGT
Dkkl CCACAGCCATTTTCCTCGAG TCTGATGATCGGAGGCAGAC
Pth CATCATGCTGGCAGTCTGTC CCATTGCATCCTCTCCATGG
Pthrp CTGGTTCAGCAGTGGAGTGT CTTGCCCTTGTCATGCAGTA
Statl TCACAGTGGTTCGAGCTTCAG GCAAACGAGACATCATAGGCA
Stat3 GAGTCTAACAACGGCAGCCT AAGGTGATCAGGTGCAGCTC
Stat5a | GTTTGAGTCTCAGTTCAGCGT CATGGACGATAACGACCACAG
Stat5h | ACCAGATGCAGGCCTTGTAC GAGCTGGGTGGCCTTAATGT
Ber-4bl | CGCATGTTCCGGGACAAAAGC GGTCATTTTCACTGGGTCCAGC

Table 2. qPCR Primer Sequences
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sgRNA Targeting Sequence

Rankl upstream 1 GGAGGCCAGCTCTCTCCACG
Rankl upstream 2 GAGCCAATCAGCCTCCAGGA
Rankl downstream 1 GTCTTTCTCAGAGGAAGTGGG
Rankl downstream 2 GCTAAAGATTCAGAACCTCG

Table 3. Rankl sgRNA Sequences
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Chapter 3
Meningeal Dissemination in Ph* B-Cell Acute Lymphoblastic Leukemia
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Introduction

In recent years, chemotherapeutic treatment of B-cell acute lymphoblastic leukemia (B-ALL) has
improved the cure rate in both pediatric and adult patients, yet a key barrier to long-term survival
is leukemia relapse in the central nervous system (CNS). B-ALL infiltration into the CNS often
precedes bone marrow relapse and indicates extremely poor prognosis,'® leading to a median
survival time after CNS relapse only six months in affected patients.” As 30-75% of B-ALL
patients develop CNS infiltration during the course of their disease,””""'""""'? standard treatment
now includes prophylactic CNS-directed chemotherapy. Although prophylaxis has decreased
CNS relapse to 5-10% of patients, the neuropathic side effects of intrathecal chemotherapy
reduces the quality of patients’ lives. A better understanding of the biological mechanism
underlying CNS infiltration may inspire better patient stratification and new therapies to prevent
CNS infiltration without sacrificing patient quality of life.

In hematopoietic malignancy, CNS infiltration predominantly occurs in the meninges, referred to
as leptomeningeal dissemination (LMD). B-ALL patients have the highest frequency of LMD,
compared to all other hematopoietic cancers.”® Currently, the mechanisms underlying B-ALL
LMD remain poorly understood. Although LMD in T-cell ALL requires CCR7 signaling for
infiltration into the meninges, in B-ALL this signaling proved to be unnecessary, as primary
human B-ALL cells with the ability to infiltrate the meninges had variable CCR7 levels.’*”*
While the mechanism for B-ALL meningeal infiltration remains undefined, it has been proposed
that the propensity to traffic to the meninges is a general ability that the vast majority of primary
human B-ALL tumor cells possess, regardless of previously assigned CNS risk.*> However, not
all of the B-ALL cells were able to expand in the meninges, suggesting that the trafficking to the
meninges was not sufficient for formation of LMD.** The mechanism underlying the tissue
tropism of B-ALL cells to the meninges is ambiguous and requires further study.

As infiltration of B-ALL cells in the meninges does not always result in LMD, expansion in the
meninges may depend on the ability of the B-ALL cells to groom the meningeal
microenvironment for their own needs. Previous studies have suggested that B-ALL cells can
enhance or exploit aspects of the meningeal microenvironment for augmented proliferation or
survival. For example, B-ALL-derived Interleukin-15 (IL-15) has been correlated with CNS
infiltration by B-ALL cells.”” IL-15 has been shown to support in vitro proliferation of B-ALL
cells under low serum conditions, which may mimic the low protein concentrations found in
cerebral spinal fluid (CSF).** These studies suggest that IL-15 may aid survival of B-ALL cells
in the meningeal CSF. Furthermore, human stromal cell types from the meningeal
microenvironment have been shown to attract (in part by CXCL12 signaling) and interact with
B-ALL cells in vitro.”> Meningeal stromal cells also protect B-ALL cells from chemotherapy-
induced apoptosis in vitro, although the mechanism remains undefined. These studies imply that
the meninges may provide a fertile environment for B-ALL expansion.” Thus, the formation of
B-ALL LMD in vivo may rely on the ability of the B-ALL cells to flourish in the meninges
through exploitation of the local microenvironment.

Interestingly, 3-5% of pediatric B-ALL patients and 25-40% of adult B-ALL patients carry the
Philadelphia Chromosome (Ph"),'"* characterized by reciprocal chromosomal translocation
between chromosomes 9 and 22 that produces a BCR-ABL fusion protein with aberrant ABL
kinase activation. Patients with the Ph translocation are at higher risk to develop CNS
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infiltration, making this an informative trait to study when assessing meningeal dissemination in
a putative model system. Furthermore, Ph" patients commonly acquire other genetic alterations,
such as deletion of the INK4-ARF locus observed in 67% of Ph" patients.””>''* Thus, to model
Ph" B-ALL in a mouse model, Arf " bone marrow stem and progenitor cells are infected by a
retroviral vector to overexpresses pl85°“® Bl before transplantation into syngeneic recipient
mice.*>’® This murine model recapitulates the dissemination patterns observed in human B-ALL,
including LMD.**"""® Furthermore, the Ph" B-ALL mouse model even mimics LMD relapse
following chemotherapeutic treatment, as dasatinib treatment reduces B-ALL tumor burden, but
ultimately results in LMD relapse.** Consequently, the Ph” B-ALL mouse model provides a
promising system to examine the mechanism underlying meningeal dissemination.

Ph" B-ALL mouse model exhibits extensive meningeal dissemination

The Ph" B-ALL mouse model was developed by the Sherr lab through overexpression of
p1855RABL in Arf” pre-B-cells, followed by transplantation into recipient mice.* To better
characterize meningeal dissemination in this model, we intravenously transplanted established
Ph" B-ALL cell lines (a generous gift from the Sherr Lab) into 4-week-old syngeneic C57BL/6
mice (Figure 4A). Consistent with the rate of tumor progression reported in previous studies,
animals were terminal by 21 days post-injection.”**"" Intriguingly, when mice were injected
with Ph" B-ALL cells carrying a luciferase reporter, in vivo bioluminescent imaging of terminal
animals revealed the greatest tumor burden in the cranial meninges (Figure 4B). This was
confirmed by histological analysis (Figure 4C, D), where the meninges were the major site of B-
ALL dissemination at the terminal stage, characterized by a severe disruption of typical
meningeal structures due to tumor infiltration. Although B-ALL cells infiltrated the lymph
nodes, spleen, and the liver, B-ALL cells were most heavily disseminated in the cranial
meninges, particularly around the meningeal blood vessel under the lambdoid suture (Figure 4C,
D). The infiltration of the cranial meninges was reminiscent of LMD in human B-ALL, making
the Ph" B-ALL model ideal for investigating the biology underlying meningeal
dissemination,>>%!!>"118

The marked meningeal dissemination could be caused by earlier initiation of tumor colonization
or enhanced tumor expansion. To differentiate between these two hypotheses, we examined the
kinetics of B-ALL dissemination to different tissues by assessing the extent of dissemination
every 2-3 days after transplantation of Ph” B-ALL cells (Figure 5A). In the meninges, lymph
nodes, spleen, and liver, seeding of the B-ALL cells all as early as 3 days after transplantation
(Figure 5B). However, the expansion of the B-ALL cells in the cranial meninges was more rapid
and extensive than in other tissues, with initial expansion in the meninges at 9-12 days post-
transplantation. By the terminal stage of B-ALL dissemination, the B-ALL cells completely
overwhelmed the meninges and disrupted normal tissue architecture. Alternatively, expansion of
B-ALL cells in other organs was incomplete, as normal tissue structures remained, despite the
presence of colonizing B-ALL cells. Thus, while B-ALL cells were efficient in disseminating
into various organs in our model, the cranial meninges provided a particularly fertile
environment for their continued expansion.

Meningeal dissemination is associated with osteoclast-mediated osteolysis.
To better understand the relationship between the B-ALL cells in the meninges and the local
microenvironment, we characterized the effect of B-ALL cells on the surrounding tissue.
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Intriguingly, meningeal dissemination was associated with pronounced osteolysis characterized
by extensive bone loss, pitting of the bone surface, and areas with complete loss of bone
continuity (Figure 6A). The observed osteolysis could either be caused by decreased osteoblast
activity or increased osteoclast activity. Using Tartrate Resistant Acid Phosphatase (TRAP)
staining to identify osteoclasts, we compared the abundance of osteoclasts in calvaria in tumor
free and terminal B-ALL mice. We observed a stark increase in TRAP staining in mice with
meningeal dissemination (Figure 6B), suggesting that aberrantly increased osteoclast activity
caused the observed osteolysis. If the B-ALL cells stimulated the increase in osteoclast activity,
we would expect a correlation between the amount of B-ALL cells and osteoclasts. Strikingly,
we observed a very consistent increase in osteoclasts that correlated with tumor progression
(Figure 6C-E). Furthermore, the increase in osteoclasts began at 9 days after transplantation,
during early B-ALL cell expansion in the meningeal layers (Figure 5B). Together these data
suggest the B-ALL cells may promote the osteoclast-mediated osteolysis of the calvarial bones.

Meningeal dissemination and associated osteolysis is observed in a second mouse model

B-ALL is one of the most common hematopoietic malignancies associated with LMD, but other
leukemias and lymphomas are associated with LMD in human patients. 25-50% of patients with
Burkitt Lymphoma (BL) are predicted to develop LMD in the absence of prophylactic intrathecal
chemotherapy.'®'*'"*"1*! BL is classically modeled in mice using the well established Eu-Myc
BL mouse model, which is driven by expression of a transgene that places Myc under the
transcriptional control of the Ep immunoglobulin heavy chain enhancer, mimicking the family of
translocations extremely frequently observed in human BL."**'* Although the original study that
characterized the Eu-Myc BL mouse model described tumors within the cranium,'** these tumors
have not been well characterized in the subsequent studies. We generated both Eu-Myc/+ p53*"*
and Eu-Myc/+ p53+/ " mice to investigate meningeal dissemination in a second hematopoietic
malignancy. As expected, loss of a single p53 allele accelerated lymphomagenesis dramatically
shortened the survival to 33% of the Eu-Myc p53*"" mice (~45-50 days compared to ~120 days,
data not shown). Histological analysis revealed that the lymphoma tumors in the cranium could
be observed as early as 2 weeks after birth in Eu-Myc/+ p53"" mice and histologically consistent
with the LMD observed in the Ph" B-ALL mouse model (Figure 7A and data not shown). In
addition to the accelerated lymphomagenesis, the meningeal dissemination tumor burden in Eu-
Myc/+ p53"" mice was greater than in the Eu-Myc/+ p53"" mice (Figure 7B). Surprisingly,
while 20% Eu-Mye p53"" animals did have lymphoma in the cranium at frequencies consistent
with initial observations (25%),'** cranial lymphoma was nearly 4 times as common in Eu-
Myc/+ p53™" mice (Figure 7C).

Given the similarities between the Ph" B-ALL mouse model and the Eu-Myc BL mouse model,
we analyzed the meningeal dissemination in the Eu-Myc BL mouse model for osteolysis.
Surprisingly, in the same regions of the calvarial bones and diploé (Figure 8A), we observed
high levels of osteolysis, marked by extensive bone pitting, thinning, and discontinuity (Figure
8B, C). Furthermore, these areas are associated with TRAP staining, indicative of increased
osteoclast number and activity (data not shown). The meningeal dissemination and high levels of
osteoclast activity in the Eu-Myc BL mouse model was highly reminiscent of the Ph" B-ALL
model, underscoring the importance of understanding the relationship between meningeal
dissemination and osteolysis.
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Osteoclast activity is required for early colonization of the meninges

To determine whether osteoclasts are required for meningeal dissemination, we inhibited
osteoclast differentiation by targeting RANKL activity with RANK-Fc (Amgen, Inc).
Functioning as a sponge to prevent RANKL from activating osteoclast differentiation, RANK-Fc
effectively inhibits osteoclasts and osteoclast-dependent tumor formation in several
models.'”"'%"'** We treated 4-week-old, female C57BL/6 mice twice weekly with 10 mg/kg
RANK-Fc or PBS subcutaneously for two weeks before Ph" B-ALL cell transplantation and
throughout the experiment (Figure 9A). 10° Ph" B-ALL cells were intravenously injected into
pretreated mice and collected pre-terminally at 12 and 16 days, and at 19 days, when the PBS
treated animals were terminal. Intriguingly, early B-ALL colonization and expansion in the
meninges was critically dependent on osteoclast activity, with 3-fold less B-ALL meningeal
dissemination in pre-terminal RANK-Fc treated mice (Figure 9B, C, E). The difference in
meningeal B-ALL tumor burden decreased by the terminal stage of B-ALL, suggesting the B-
ALL cells adapted to expand within the meninges in the absence of osteoclasts (Figure 9D-F).
Thus, the B-ALL cells’ ability to manipulate osteoclast activity makes the meninges a unique
microenvironment for expansion of B-ALL cells.

Osteoclast activity, not RANKL, is required for meningeal colonization

As RANKL has been shown to drive the proliferation of B-cells, it is possible that RANK-Fc
treatment inhibited meningeal dissemination by decreasing B-ALL proliferation.'”'** To
eliminate this possibility, we inhibited osteoclast activity by a separate mechanism using the
bisphosphonate pamidronate, which selectively inhibits osteoclast activity and causes osteoclast
apoptosis.'”’ As before, we pretreated recipient mice with weekly intravenous doses of 5 mg/kg
pamidronate or PBS and continued to treat through the duration of the experiment (Figure 10A).
We transplanted 10° Ph" B-ALL cells into pre-treated mice and collected animals collected pre-
terminally at 15 days. Strikingly, bisphosphonate treatment resulted in a similar three-fold
decrease in meningeal burden (Figure 10B, C), indicating that osteoclast activity, not RANKL,
promoted B-ALL cell colonization and expansion in the meninges. Bisphosphonate inhibition of
osteoclasts was incomplete (~33% of PBS controls) and further reduction in osteoclasts may
enhance the ability of bisphosphonate to prevent B-ALL meningeal dissemination.

B-ALL cells express osteoclast activators RANKL and TNFc.

Given the observed increase in osteoclasts abundance, it is likely that B-ALL cells stimulate
osteoclast differentiation. As osteoclast differentiation is regulated by a well-defined list of
proteins, we performed a candidate qPCR screen for osteoclast regulators upregulated in B-ALL
cell lines. From the 16 genes we tested, we identified augmented Rankl and Tnfor expression in
B-ALL cells (Figure 11A, P <0.0004, P < 0.0001 respectively). Rankl is the essential factor for
osteoclast differentiation.'”®'* Tnfor induces stromal expression of Rankl"® and can drive
osteoclastogenesis directly.*""** Alternatively, the other candidates were expressed at very low
levels in B-ALL cells (m-csf, II-1a, 1I-1B, 1I-15, Opn, Mmp9, Mmp12, and Opg) or were not
expressed in either cell type (/I-6, 1I-34, sFrp-2, Dkkl, Mmp7, Pthrp, and Pth). Thus, B-ALL
cells promote osteolysis by driving osteoclast differentiation by RANKL and/or TNFq.

CRISPR/Cas9 exposed single cell clones fail to give rise to leukemia in vivo
With the recent advent and accessibility of the CRISPR/Cas9 technology to sequence specifically
target and mediate gene editing in cells,”>"** we investigated the necessity of tumor-secreted
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RANKL by editing the genomic locus of Rankl to disrupt and remove expression. We used the
CRISPR/Cas9 technology to specifically target and remove the first exon of Rankl (Figure 12A).
We electroporated complexed sgRNA/Cas9 into Ph" B-ALL cells for short term editing without
sustained expression of Cas9. Electoporation successfully mediated uptake of the RNA/protein
complex with minimal cell death, and resulted in deletion of the first exon (Figure 12B).
Genotyping of single cell clones was confirmed by sequencing of the junctions (data not shown)
and by qPCR validation of Rankl levels (Figure 12C). Furthermore, the editing was specific for
Rankl, as expression of Tnfo was not affected by Rankl deletion (Figure 12D).

Unfortunately, in vivo transplantation of the Ph" Rankl™™" or Ph" Rankl” B-ALL cells failed to
give rise to leukemia in both non-irradiated and irradiated recipient mice, suggesting that the
Cas9 editing process or single cell cloning process affected the tumorigenicity of these cells.
Collaborators have observed similar loss of tumorigenicity after Cas9 mediated editing and
suggested a loss of BCR-ABL expression, but single cell clones maintained BCR-ABL expression,
albeit at lower levels than Ph” B-ALL cells never exposed to Cas9 (data not shown).

Tumor secreted RANKL promotes meningeal dissemination

We assessed the necessity of tumor-derived RANKL by knockdown of Rankl expression in Ph
B-ALL cells using a pLKO.1 shRNA lentiviral vector. sSiRANKL #4 efficiently knocked down
80% of Rankl mRNA, (Figure 13A), but did not decrease the rate of proliferation in the B-ALL
cells in vitro (Figure 13B). Thus, tumor-derived RANKL likely indirectly supports B-ALL cell
growth through effects on the bone microenvironment, rather than acting autocrinely to drive B-
ALL cell proliferation. To test the necessity of tumor-derived RANKL, we transplanted 10’
SshRANKL or shSCRAMBLE Ph" B-ALL cells into irradiated, 4-week-old syngeneic C57BL/6
recipients. Strikingly, sShRANKL Ph" B-ALL cells were slower to infiltrate the diploé and
meninges at the pre-terminal time point (11 days post-transplantation) and reduced the ability of
Ph" B-ALL cells to induce osteolysis throughout the course of tumorigenesis (Figure 13C). Thus,
although reduced Rankl is not sufficient to eliminate meningeal dissemination, tumor-derived
RANKL plays a role in Ph" B-ALL driven osteolysis, which likely supports early colonization
and establishment of B-ALL cells in the diploe and meninges.

Inability to knockdown of Tnfa by shRNA

Given the effects of the CRISPR/Cas9 editing and single cell cloning process had on the
tumorigenicity of the Ph” B-ALL cells, we used shRNA technology to knockdown expression of
Tnfo. Unfortunately, using 11 different shRNA targeting sequences in two separate vector
systems (pLKO.1 and miR-E''’), we were unable to successfully decrease Tnfor mRNA by an
appreciable amount (Figure 14). Although we cannot explain this inability to knockdown 7nfc, it
is possible that the Ph" B-ALL cells are dependent upon TNFa in an autocrine manner and any
cells with appreciable knockdown are selected against. To get around this, we will use
CRISPR/Cas9 to delete Tnfor for in vitro studies and test the efficacy of inhibiting TNFo
signaling in vivo by other methods.

Rankl and Tnfo. expression is driven by BCR-ABL

Our data suggests that tumor-derived RANKL (and TNFa) likely drive osteoclast activity in vivo
to support meningeal dissemination. As the tumorigenicity of the Ph" B-ALL model is dually
driven by overexpression of BCR-ABL and loss of Arf, we investigated whether one or both of
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these genetic lesions drove Rankl and Tnfo expression. We measured Rankl and Tnfor expression
levels in wildtype B-cells or Arf” B-cells overexpressing BCR-ABL (Figure 15A). Impressively,
BCR-ABL was sufficient to double Rankl expression (P = 0.0109), which was further increased
with Arf” loss (P < 0.0001), and increase Tnfor expression five-fold (P < 0.0001) (Figure 15B).
BCR-ABL reproducibly induced Rankl and Tnfo, with the greatest expression observed in B-
cells with a lower infection efficiency (30-50%) (Figure 15C). Induction of Rankl and Tnfo
occurred within 48 hours after infection with BCR-ABL, suggesting that the signaling
downstream of BCR-ABL is likely direct (Figure 15D). BCR-ABL also induced Rankl and Tnfo
expression in Eu-Myc cell lines, although the level of Rankl and Tnfo induction varied between
different cell lines (Figure 15E). The variability was likely due to different genetic alterations
acquired over the course of the tumorigenesis process that gave rise to the Eu-Myc cell lines.
Thus, BCR-ABL overexpression induces Rankl and Tnfo expression in two different B-cell
culture systems, strongly indicating that BCR-ABL likely directly drives Rankl and Tnfo
expression in Ph” B-ALL cells.

Rankl expression is mediated by StatSa

The aberrantly constitutively active kinase activity of BCR-ABL likely drives expression of
Rankl and Tnfa through phosphorylation of a transcription factor. As BCR-ABL phosphorylates
and activates STAT proteins, we knocked down expression of the STAT proteins known to be
involved in BCR-ABL signaling and/or constitutively activated in leukemias: Statl, Stat3,
Stat5a, and Stat5b.°*1*>"37 Knockdown of Statl, Stat3, and Stat5h in Ph” B-ALL cells did not
decrease mRNA levels of Rankl and Tnfor (Figure 16A, B, C). However, moderate knock down
of Stat5a decreased Rankl (Figure 16D, E). Although the decrease in Rankl mRNA was not
statistically significant, Stat5a mRNA levels were only reduced by 40% and a greater
knockdown is likely required to see a stronger effect on Rankl levels. Thus, BCR-ABL likely
drives Rankl expression through aberrantly activated Stat5a.

Conclusions

Leptomeningeal dissemination (LMD) in human patients is frequently seen in patients with both
precursor B-cell acute lymphoblastic lymphoma (B-ALL) and Burkitt Lymphoma (BL) and in
fact, is so common that both groups of patients are treated prophylactically with intrathecal
chemotherapy.'®""** In a mouse model of each disease, we have demonstrated a high frequency
for meningeal dissemination, which is associated with extensive osteolysis (Figures 6, 8).
Furthermore, while early signs of the osteolysis can be seen at a time point during the middle of
the course of Ph" B-ALL development, the bone degradation increases with tumor progression
and is most extreme in the terminally ill mice (Figure 6B, C). It is possible that this relationship
is correlative; we have shown that inhibition of osteoclast activity impairs the ability of Ph" B-
ALL cells to colonize and expand within the meninges (Figure 9, 10). Although our study lacks a
direct connect to the human clinical observations, we believe it may be unlikely that such a
relationship would be observed in human patients due to an unawareness of the potential
importance of osteolysis and meningeal dissemination in B-ALL. While advances in treatment
have reduced the rate of meningeal dissemination through prophylactic intrathecal
chemotherapy, fewer patients could be treated and spared the neurological side effects if better
patient stratification separated out patients truly at risk for meningeal dissemination at relapse.
When osteolysis is reported in human B-ALL patients, it is generally associated with joint or
bone pain,"”'*’ which may lead to infrequent examination for osteolysis in the skull. However,
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given our demonstration of the strong relationship between osteolysis and meningeal
dissemination in the Ph" B-ALL mouse mode, it may be underestimated in human patients rather
than infrequent.

Although the mechanism of meningeal dissemination in leukemia, specifically B-ALL, is
currently being defined, studies have shown that the majority of human B-ALL cells are able to
traffic to the meningeal layers the a xenograft model.’> Others have reported factors that support
B-ALL growth in low serum conditions or prevent apoptosis induced by chemotherapies and
suggested that these proteins may support in vivo CSF survival and resistance to chemotherapy,
but fail to provide any in vivo evidence to support these claims.**”> Unlike the previous studies,
our data demonstrates that the ability of Ph"™ B-ALL cells to manipulate osteoclasts in vivo
dramatically supports their ability to colonize and expand within the meninges (Figures 9, 10,
13). We have shown that the osteoclast activity is important for meningeal infiltration, which is
most relevant to human patients in the context of preventing meningeal dissemination at relapse.
Although the transplantation experiments described here do not represent a relapse state of
disease, we have begun to model relapse by pretreating mice with bisphosphonate (to mimic
prophylactic treatment following initial chemotherapy induced remission) and transplanting 200
Ph" B-ALL cells into each mouse (to mimic low level residual disease). The preliminary results
in a small cohort of mice suggest that bisphosphonate treatment increase disease free survival as
none of the mice have died at 7 weeks post-transplantation of the Ph" B-ALL cells, but half of
the PBS treated mice have (N=6 for each group) (data not shown). Thus, targeting the
relationship between Ph" B-ALL cells and osteoclasts may provide clinical benefit for preventing
relapse in the CNS.

The majority of the information about the signaling events downstream of BCR-ABL is based on
studies of chronic myelogenous leukemia (CML), as it is core-driving lesion for all CML
patients. We have clearly shown that Rankl and Tnfor expression are induced downstream of
BCR-ABL signaling (Figure 15), an effect which is likely mediated through Stat5a signaling.
Our observation that Stat5a functions as the down stream effector of BCR-ABL signaling is
consistent with reports that Stat5 is a downstream signaling molecule for BCR-ABL®®'*""'** and
required for maintenance of BCR-ABL driven lymphoid leukemia.'** Furthermore, a recent report
has demonstrated, in a completely separate cell context, that Stat5 was required for Rankl
induction, in agreement with our results. Greater inhibition of Stat5a signaling will provide more
definitive proof that BCR-ABL increases expression of Rankl, and potentially Tnfc, through
Stat5a and we are conducting further experiments with alternate methods of repressing Stat5a
activity.

In summary, our results have shown that successful modeling of meningeal dissemination in the
Ph" B-ALL mouse model revealed a surprising relationship between meningeal dissemination
and osteoclast activity. The B-ALL tumor cells were able to induce the osteoclast activity
through Rankl signaling, downstream of BCR-ABL signaling, to enrich their local environment
and support their colonization and expansion within the meninges. Our findings suggest that
osteolysis in human B-ALL patients, in particular Ph” B-ALL patients, should be assessed with
careful attention to the skull and spine as sources of support for minimal residual disease.
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Figure 4. Ph” Arf” induced B-ALL displays extensive meningeal dissemination. A. Ph* B-
ALL was modeled in mice though BCR-ABL overexpression in Arf/‘ B-cells. 10° GFP or
luciferase labeled Ph™ Arf ” B-ALL cells were intravenously transplanted into 4-6 week old
syngeneic mice and collected at the terminal stage (17-20 days). B. In vivo bioluminescent
imaging revealed B-ALL tumor burden location. Compared to tumor-free mice (left), B-ALL
mice (middle, right) displayed a high density of luciferaset+ B-ALL cells in the head with
minimal signal in other organs such as the lymph nodes or spleen. C. H&E staining revealed that
meningeal infiltration was extensive in terminal B-ALL (right) mice, compared to tumor free
(left) mice. Inset images show the lambdoid suture. B-ALL dissemination to the meningeal
layers resulted in substantial expansion of the meningeal layers and suture tissue by disseminated
B-ALL cells. D. B-ALL cells disseminated to a variety of different organs. H&E staining and
Pax5 staining (for B-cells) of the meninges, hematopoietic (lymph node and spleen), and non-
hematopoietic (liver and kidney) organs in terminal B-ALL mice revealed B-ALL cells
dissemination to all organs, except the kidney, with preferential and extensive dissemination in
the cranial meninges. 5x scale bars = 5 pm, 20x scale bars = 50 um.
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Figure 5. Dissemination kinetics reveal preferential B-ALL expansion in the meninges. A.
Dissemination kinetics were examined by analysis of tumor dissemination over time. B-ALL
mice ere collected every 2-3 days after transplantation to track the kinetics of dissemination to
different tissues. B. Although organ seeding by B-ALL cells as comparable early in
dissemination, B-ALL cells preferentially expanded in the meningeal layers. B-ALL cells were
identified in all organs except the kidney and displayed similar dissemination kinetics at the early
(3 days) and middle (9-12 days) time point by H&E staining and Pax5 immunohistochemistry of
meninges, hematopoietic and non-hematopoietic organs. At the late (17-20 days) time point,
extensive expansion and tissue disruption was only observed in the meninges, with other organs
maintaining some normal tissue architecture. In the liver, B-ALL cells ere either adjacent to
blood vessels (red arrowheads) or amid hepatocytes (green arrowheads). 5x scale bars = 0.50
mm, 20x scale bars = 50 um.
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Figure 6. Meningeal dissemination is associated with osteoclast-mediated bone degradation.
A. Terminal B-ALL mice displayed osteolysis. H&E and Tartrate Resistant Acid Phosphatase
(TRAP) staining revealed osteolysis in terminal B-ALL mice (right) compared to tumor-free
mice (left). Diplo€ and calvarial bones in terminal B-ALL mice ere characterized by bone
thinning and pitting (white arrows), loss of bone continuity, and an increased presence of
osteoclasts (black arrowheads). Scale bars = 50 um. B-D. Osteolysis and osteoclast number
increased with tumor progression. H&E (B) and TRAP (C) staining of calvarial diploé and
meninges over the course of B-ALL dissemination demonstrated an increase in both osteolysis
and osteoclast number as tumors progressed. Scale bars = 50 um. Quantification (D) confirmed
that osteoclast number per mm of bone surface increased over the course of B-ALL
dissemination. N = 3 mice for each time point, each point represents mean + standard deviation.
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Figure 7. Meningeal dissemination is seen in second hematopoietic mouse model. A.
Meningeal dissemination was observed in the Ep-Myc mouse model of Burkitt Lymphoma.
Spontaneous tumorigenesis was accelerated by loss of one allele of p53, with meningeal
dissemination seen in Eu-Myc p53*" as early as 2 weeks after birth. B. Meningeal tumor burden
was ;reater in Eu-Myc p53"" mice. Quantification of tumor burden in terminally ill Eu-Myc
537" and Eu-Myc p53"mice, P = 0.0013. C. The frequency of substantial meningeal
dissemination was greater in Eu-Myc p53"" mice. Quantification of the number of terminally ill
Eu-Myc p53"" and Eu-Myc p53" mice with meningeal dissemination of greater than 15% of
their skull area. N > 9.
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Figure 8. Meningeal dissemination is associated with osteoclast-mediated osteolysis in the
Ep-Myc mouse model. A. H&E staining of terminally ill Eu-Myc p53" mice displayed
extensive menin;eal dissemination all along the top of the skull. B, C. Meningeal dissemination
in Eu-Myc p53"" was associated with extensive osteolysis. H&E staining at higher magnification
of the diploé at the lambdoid suture revealed bone thinning and pitting and loss of bone
continuity. Dotted white line indicates where continuous bone should be.
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Figure 9. Osteoclast activity is necessary for early meningeal dissemination of B-ALL cells.
A. The necessity of osteoclast activity was assayed in vivo by RANK-Fc mediated inhibition of
osteoclast differentiation. Mice ere pretreated with 10 mg/kg RANK-Fc or vehicle (PBS)
subcutaneously for two weeks before transplantation of Ph" B-ALL cells and throughout
experiment duration. Mice were collected at 12, 16, and 20 days post-transplantation. B, C, D.
RANK-Fc treatment decreases osteoclast activity and early meningeal dissemination. H&E and
TRAP staining of PBS (left) and RANK-Fc (right) treated mice at the 12 (B), 16 (C), and 20 (D)
days post transplantation revealed a delay in B-ALL expansion in the meningeal layers and
decreased meningeal tumor burden at 12 and 16 days post-transplantation, as evidenced by the
decrease of deep purple B-ALL cells in the suture and meninges. Scale bar = 50 um. E.
Osteoclast inhibition delayed B-ALL cell expansion in the meninges. Quantification of
meningeal dissemination in PBS (white bars) and RANK-Fc (grey bars) treated mice at the three
different time points demonstrates a 3-fold decrease in tumor burden in treated mice. N > 4,
average *+ standard error of mean shown, * P = 0.0147, **** P < 0.0001. F. RANK-Fc
effectively inhibited osteoclast differentiation. Quantification of osteoclast number per mm of
bone surface in PBS (red) and RANK-Fc (blue) treated mice demonstrated complete inhibition
of osteoclasts at all time points. N > 4, average =+ standard deviation shown, ** P = (0.0019, ***
P =0.0002, **** P <0.0001.
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dissemination of B-ALL cells. A. The necessity of osteoclast activity, rather than RANKL, was
assayed in vivo by bisphosphonate-mediated inhibition of osteoclast differentiation. Mice were
pretreated weekly with 5 mg/kg bisphosphonate (pamidronate disodium pentahydrate) or vehicle
(PBS) intravenously for two weeks before transplantation of of Ph™ Arf” B-ALL cells and
throughout experiment duration. Mice were collected pre-terminally at 15 days post-
transplantation. B. Bisphosphonate treatment delayed B-ALL cell expansion and tumor burden in
the meninges. H&E staining of PBS (left) and bisphosphonate (right) treated mice revealed that
osteoclast activity promoted expansion of B-ALL cells in the meninges. TRAP staining of PBS
and bisphosphonate treated mice indicated that osteoclast differentiation was incompletely
blocked at the 5 mg/kg dosage of bisphosphonate. Scale bars = 50 pum. C. Osteoclast inhibition
decreased B-ALL expansion in the meninges pre-terminally. Quantification of meningeal
dissemination in PBS (white bars) and bisphosphonate (grey bars) treated mice revealed a 3-fold
decrease in tumor burden in the meninges. N= 4, mean + standard error of mean. D.
Bisphosphonate treatment decreased the number of osteoclasts. Quantification of osteoclast
number per mm of bone surface revealed an incomplete inhibition of osteoclast differentiation in
bisphosphonate treated mice. N = 4, mean + standard error of mean, *** P = 0.0003.
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Figure 11. qPCR screen reveals elevated levels of Rankl and Tnfo in B-ALL cells. A. B-
ALL cells express increased levels of Rankl and Tnfa. Relative expression levels of Rankl and
Tnfor in 3 independent B-ALL cell lines (grey) are elevated compared to wildtype B-cells
(white). Bars represent mean + standard deviation. **** P < (0.0001. B. B-ALL cells express
lower levels of other genes regulating osteoclast differentiation or expression patterns that would
not promote osteoclast differentiation. Relative expression levels of m-csf, Il-1a, 1I-1B, 1I-15,
Mmp9, Mmp12, Opn, and Opg in 3 independent B-ALL cell lines (grey) are elevated compared
to wildtype B-cells (white). Bars represent mean + standard deviation. ND = not detectable, bars
represent mean + standard deviation. P values as listed.
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Figure 12. CRISPR editing of Rankl specifically eliminates expression of Rankl. A. To
evaluate the necessity of tumor-secreted RANKL, B-ALL cells were edited with CRISPR to
remove Rankl. Two pairs of sgRNAs and genotyping primers were designed for CRISPR/Cas9
mediated deletion of the first exon of Rankl. Unedited Rankl would produce a 1.6 kb band, while
Rankl DNA edited with sgRNA 5° #1 and sgRNA 3* #2 or sgRNA 5’ #2 and sgRNA 3° #2
would give bands of 440 bp or 423 bp, respectively. B. Electroporated complexed sgRNA/Cas9
protein edited the Rankl locus in B-ALL cells. Genotyping of electorporated B-ALL cells
revealed B-ALL cell populations edited by sgRNA 5’ #1 and sgRNA 3’ #2 or sgRNA 5’ #2 and
sgRNA 3’ #2 in both electroporation programs used. C. Rankl deletion resulted in elimination of
Rankl mRNA levels. RankI mRNAs were not detected or very lowly detected in Rankl” single
cell clones, compared to Rankl”" and Rankl"” single cell clones. Bars represent mean + standard
deviation, **** P < (0.0001. D. Rankl deletion did not affect other mRNA levels. mRNA levels
of Tnfor are unaffected in Rankl™", Rankl", and Rankl”" single cell clones. Bars represent mean +
standard deviation.
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Figure 13. shRNA knockdown of Rankl delays dissemination to the diploe and meninges. A.
mRNA levels of Rankl, but not Tnfer, are reduced by shRNA knockdown of with shRNAs #1, #3,
and #4. Bars represent mean * standard deviation, *** P < (0.001, **** P < (0.0001. B. Rankl
knockdown does not affect proliferation. In vitro proliferation assay comparing growth kinetics
of sShRANKL #4 expressing B-ALL cells, compared to control SsSCRAMBLE. C. B-ALL cells
with reduced RANKL delays early meningeal dissemination. H&E staining of the diploe and
meninges near the lambdoid suture of mice transplanted with shSCRAMBLE or shRANKL
expressing B-ALL cells at an early (11 days post-transplantation) or terminal (20 days post
transplantation) time point revealed tumor-secreted RANKL contributed to enhancing the
meningeal microenvironment to promote meningeal dissemination of B-ALL cells, but did not
prevent eventual infiltration of the meninges. N=4, scale bars = 50 pum.

47



:2.0-
0
(/)]
(7))
S 1.5- - I T .
T -l
> T I JT_ J. L
£ 1.4 [T =
-l C = - s
= i
2 0.54
©
o | |
o'c | | | | b: | é °; é «I Q: | | | | | \I
N o GRS
N D D D NLD D o o D NN
NAARA v& RAARN é“\'«\g‘,\e zw\“'b
FEES T TeSE
& S
N o

Figure 14. Expression of 11 different 7nfo shRNAs fails to reduce mRNA levels of Tnfo. A.
mRNA levels of Tnfor were not reduced by 11 different shRNA targeting sequences in two
different viral vector systems. Bars represent average + standard deviation.
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Figure 15. BCR-ABL overexpression drives increased Rankl and Tnfo expression in B-cells
and Ep-Myc lymphoma cells. A. The ability of BCR-ABL to drive expression of Rankl and
Tnfo was tested by overexpression of BCR-ABL. Briefly, freshly harvested bone marrow cells
from 4-6 week old mice ere cultured in 2.5 ng/mL IL-7 and infected with MSCV-BCR-ABL-
IRES-GFP, sorted for GFP positive cells, and collected for RNA. B. BCR-ABL was the dominant
genetic lesion driving Rankl and Tnfo expression. mRNA levels of Rankl and Tnfa were
increased by BCR-ABL overexpression (gray bars) in Arf" ™ and Arf " B-cells, compared to
uninfected (white bars) to determine if one or both of the critical genetic lesions in this model of
Ph" B-ALL was responsible for the upregulation of Rankl and Tnfoc mRNA. BCR-ABL
overexpression was the predominant factor driving increased levels of both Rankl and Tnfo. Bars
represent average * standard deviation, P values as listed. C. Lower levels of BCR-ABL drive
higher expression of Rankl and Tnfo. BCR-ABL was overexpressed in three independent
wildtype B-cell cultures and drove increased mRNA levels of Rankl and Tnfo. Bars represent
average t standard deviation, **** P < (0.0001. D. BCR-ABL overexpression increased mRNA
levels of Rankl and Tnfa at 48 hours post-infection. Levels of BCR-ABL, Rankl, and Tnfor were
increased in wildtype B-cells in only 48 hours after infection, suggesting increased Rankl and
Tnfo levels are driven directly by BCR-ABL, rather than downstream signaling pathways. Bars
represent average t+ standard deviation, **** P < (0.0001. E. BCR-ABL can increase Rankl and
Tnfoo mRNA levels in lymphoma cell lines. mRNA levels of BCR-ABL, Rankl, and Tnfor are
increased in some Eu-Myc and Eu-Myc p53*" lymphoma cell lines, suggesting genetic mutations
accumulated in the lymphoma cell lines may be permissive or inhibitory on BCR-ABL mediated
signaling. Bars represent average + standard deviation, P values as listed.
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Figure 16. Stat5a may mediate BCR-ABL induction of Rankl. A, B. mRNA levels Statl (A),
Stat3 (B), and Stat5h (C) are reduced by shRNA knockdown (gray bars) compared to control
scramble shRNA (white bars), while knockdown did not affect either Rankl or Tnfor expression
levels. Bars represent average t+ standard deviation, * P = 0.0216, ** P = 0.0048, *** P <
0.0007, **** P <0.0001. C. gPCR confirms Stat5a knockdown by shRNA and a corresponding
slight reduction in Rankl, but not Tnfo. Bars represent average * standard deviation, ** P =
0.0055, **** p < (0.0001. D. Statl, Stat3, and Stat5b mRNA levels in B-ALL cells expressing
shRNAs against Stat5a. Bars represent average + standard deviation, **** P <(.0001.
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