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ABSTRACT
Role of the BAP1/ASXL1 Complex in Malignant Transformation
and Therapeutic Response
Somatic mutations in epigenetic modifiers have recently been identified in hematopoietic
malignancies and in other human cancers. However, the mechanisms by which these
epigenetic mutations lead to changes in gene expression and disease transformation
have not yet been well delineated. Epigenetic modifiers include chromatin regulators that
modify post-translational modifications on histone molecules. Mutations in ASXL1
(Addition of sex combs-like 1) are a common genetic event in a spectrum of myeloid
malignancies and are associated with poor prognosis in acute myeloid leukemia (AML)
and myelodysplastic syndromes (MDS). We investigated the role of ASXL1 mutations on
target gene expression and chromatin state in hematopoietic cell lines and mouse

models.

We performed loss-of-function in vitro experiments in AML cell lines and conducted
expression analysis. Loss of ASXL1 resulted in increased expression of the posterior
HOXA cluster. In vitro analysis of histone modifications revealed a striking global loss of
the repressive H3K27me3 mark, a modification placed by the enzymatic Polycomb
Repressive Complex 2 (PRC2). Loss of H3K27me3 was identified locally at specific loci,
including the posterior HOXA cluster. The data indicate that ASXL1 directly interacts with
the PRC2 complex and has a key regulatory role in the placement of H3K27me3 in
hematopoietic cells. ASXL1 mutations occur in concert with other classes of mutations in
myeloid malignancies, including co-occurrence with mutations in the signaling molecule
JAK2 (Janus Kinase 2). We have modeled these co-occurring mutations in vivo and

assessed changes in chromatin regulation.



ASXL1 interacts with another epigenetic regulator, termed BAP1 (BRCA1l associated
protein-1) to form a deubiquitinase complex (Polycomb Repressive-Deubiquitinase
Complex or PR-DUB) that can remove monoubiquitin from H2AK119. BAP1, a ubiquitin
hydrolase that provides the catalytic activity for the PR-DUB complex, is frequently
mutated in a spectrum of human cancers including metastatic uveal melanoma,
mesothelioma, and renal cell carcinoma. However, BAP1 and ASXL1 are mutated in
distinct cancer types and dysregulation of the PR-DUB complex has not been directly
linked to transformation. We hypothesized that BAP1 and ASXL1 have distinct functions

in the regulation of gene expression and chromatin state.

We generated a conditional murine Bapl loss-of-function model to study the effects of
Bapl loss on gene expression and chromatin. Conditional deletion of Bapl in the
hematopoietic system results in a one hundred percent penetrant myelodysplastic
syndrome characterized by expansion and enhanced proliferation of myeloid progenitor
cells. The majority of genes in Bapl KO myeloid progenitors are decreased in
expression, including the posterior HOXA locus. In contrast to our ASXL1 loss-of-
function studies, we found a global increase of H3K27me3 in Bapl-deleted cells. We
found that the myeloproliferative phenotype induced by loss of Bapl could be rescued
by deletion of EZH2 (Enhance of zeste homolog 2), the catalytic component of the PRC2
complex, or pharmacological inhibition of EZH2 activity. We found that Ezh2 mRNA and
protein levels were upregulated likely due to transcriptional changes mediated by loss of
H4K20mel and identified a novel BAP1 DUB substrate, L3MBTL2, which regulates this
mark. In mesothelioma xenograft model systems, EZH2 inhibition in BAP1-mutant
mesothelioma xenograft models was efficacious. Our data demonstrate that loss of Bapl
leads to Ezh2-dependent malignant transformation and that EZH2 may represent a

therapeutic target in BAP1-mutant malignancies.
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CHAPTER |

INTRODUCTION

RATIONALE FOR STUDYING EPIGENETIC MODIFIERS IN HUMAN CANCERS
Before the advent of improved next generation sequencing technologies, cytogenetics
and candidate gene sequencing led to the identification of recurrent alterations in
myeloid malignancies, including myeloproliferative neoplasms (MPNs), myelodysplastic
syndromes (MDS), and acute myeloid leukemia (AML). Functional studies suggested
that a hit in each of two classes of mutations would lead to leukemogenesis: Class |
mutations that activate downstream signaling cascades resulting in increased survival
and Class Il mutations that dysregulate the expression of transcriptional targets (6).
However, improved sequencing technologies have confirmed that not all cases of AML
have mutations in Class | and Class Il genes (7). These studies have also identified
novel somatic alterations in epigenetic modifiers, genes that regulate DNA methylation
and post-translational histone madifications. Importantly, functional studies have shown
that mutations in epigenetic modifiers can lead to aberrant self-renewal in hematopoietic
stem and progenitor cells (HSPCs) and to myeloid disease transformation. All together,
these data suggest that the two hit transformation model is not sophisticated enough to
explain leukemogenesis and the model needs to be altered to include classes of

mutations in epigenetic modifiers.

Epigenetics refers to heritable modifications that regulate gene expression but do not
result in changes to the DNA sequence. There are numerous regulatory epigenetic
modifications including DNA cytosine methylation, hydroxymethylation and histone

methylation, acetylation, ubiquitination, and phosphorylation. The mechanisms by which



histone modifiers contribute to disease transformation are still not yet well-delineated;
therefore, it is therapeutically valuable to understand the manner by which these alleles
contribute to disease pathogenesis. Importantly, epigenetic modifications are reversible
in contrast to somatic mutations, and are therefore potentially targetable with small
molecule inhibitors. Mutations in some epigenetic modifiers, such as EZH2, are gain-of-
function alterations and are more easily druggable by targeted small molecules (8).
However, alterations in epigenetic modifiers are often loss-of-function and mechanistic
inquiry is critical to understand how to therapeutically intervene in patients with these
mutations. The work in this thesis primarily focuses on studying proteins that regulate
chromatin modifications, namely histone methylation, in hematopoiesis and disease
transformation. The goal of this thesis is to understand the mechanism by which loss-of-
function mutations in the epigenetic modifiers ASXL1 and BAP1 contribute to
hematopoietic disease pathogenesis and how these findings can inform therapeutic

intervention.

MYELOID MALIGNANCIES

Myeloid malignancies are clonal disorders of hematopoiesis caused by alterations in
hematopoietic stem and progenitor cells. Mutations contributing to these malignancies
tend to cause aberrant differentiation, proliferation and/or self-renewal. These diseases
include myleodysplastic syndromes (MDS), myeloproliferative neoplasms (MPN), and
acute myeloid leukemia (AML) (9) (Figure 1.1). MDS are heterogenous disorders that
are characterized by hematopoietic differentiation defects and peripheral blood
cytopenias. Somatic mutations in epigenetic machinery and the spliceosome complex

are common in MDS (10). Myeloproliferative neoplasms result in the increased
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Figure 1.1. Schematic describing the pathology underlying myeloid malignancies.



production of mature blood cells including myelofibrosis (MF), polycythemia vera (PV,
red blood cells), and essential thrombocytopenia (ET, platelets). Mutations in MPNs tend
to occur in signaling molecules (such as Janus Kinase 2, JAK2) in cooperation with other
alleles, such as epigenetic modifiers (11). Patients can also develop an MDS/MPN
overlap disorder which is characterized by both dysplastic and proliferative symptoms,
such as Chronic Myelomonocytic Leukemia (CMML). The standard of care for MDS and
MPN patients is typically supportive care, including blood transfusions. Jakafi, an FDA
approved drug for the treatment patients with JAK2 activating mutations, may also be
beneficial to patients with MPN. However, JAK2 mutations co-occur with epigenetic
modifications, and these mechanisms of disease transformation are poorly understood.
MDS, MPN, and MDS/MPN patients risk transformation to acute myeloid leukemia
(AML). AML is characterized by immature blasts in the peripheral blood and therapeutic
options are limited, with bone marrow transplantation being the only curative treatment
option (12). In this thesis, we utilize specific cell surface markers to identify HPSCs in

our murine models as indicated in Figure 1.2.

CHROMATIN ALTERATIONS

C.H. Waddington developed the field of epigenetics about fifty years ago to describe the
changes in organisms that could not be explained by changes in the DNA sequence
(13). Modification of chromatin is an epigenetic event that is critical for DNA
packaging/accessibility and the regulation of chromatin marks has critical implications for
gene expression, DNA replication, and DNA damage repair. DNA is packaged around
nucleosome octomers, composed of two H2A, H2B, H3, and H4 molecules. A fifth

histone molecule, Histone H1, acts as a linker protein and serves to compact the higher
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order structure of chromatin (14). Nucleosomes serve as scaffolding platforms for
effector molecules, termed epigenetics modifiers, which include chromatin writers,
erasers, and readers. Histone writers are molecules that catalyze an enzymatic reaction
to place a covalent modification (e.g. histone methyltransferases), histone erasers
remove the modification (e.g. histone demethylases), and histone readers interpret these
marks. All together, the balance of ‘writing’ and ‘erasing’ chromatin marks was classically

thought of as the ‘histone code hypothesis’ (15).

While histones can be modified by various post-translation modifications, for the purpose
of this thesis, the focus will be mainly on histone methylation. Repressive Polycomb and
activating Trithorax Group proteins have a role in regulation of these methylation
patterns. Histones can be methylated at lysine or arginine residues and methylation
events are reversible. Histone madifications regulating the expression of specific target
genes are typically cell type and context dependent, and can be regulated by differential
expression and localization of epigenetic adaptor or modifying proteins. Aberrant activity
of epigenetic modifiers in cancer can result in a disruption of the critical balance of marks
placed by effector molecules (7, 16). This thesis will focus on the role(s) of the
epigenetic modifiers in hematopoietic malignancies, specifically how they manipulate
Polycomb protein activity. The goal of this thesis is to assess how the disruption of

ASXL1 and BAP1 expression affects Polycomb activity.

ADDITION OF SEX COMBS-LIKE 1 (ASXL1)

ASXL family of proteins



ASXL1 belongs to the human ASXL gene family that has three members: ASXL1,
ASXL2, and ASXL3 (17-19). The ASXL proteins have a comparable domain architecture
including an N-terminal ASXH homology domain, ASXM1 and ASXM2 domains in the
middle of the protein and a C-terminal plant homology domain (PHD). The ASXH domain
has only been identified in the ASXL family and is similar to the Forkhead-box (FOX)
domain that is predicted to have a role in DNA binding (20). Other data have suggested
that the N-terminal domain may be a unique DNA binding motif called the HARE-HTH
(HB1, ASXL1, restriction endonuclease helix-turn-helix domain) (21). The ASXH domain
facilitates protein-protein interactions, including the interaction of ASXL1 with BAP1 (22,
23). The PHD domain is also unique to the ASXL family and is predicted to recognize
histone H3 tails via methylated lysines. The central ASXM1 and ASXM2 domains are
also hypothesized to serve as modulators of protein-protein interactions and may
coordinate interaction with NCOA1 and nuclear hormone receptors (20). The roles of
these domains have not yet been fully elucidated. The sequence of ASXL1, ASXL2, and
ASXL3 is divergent in regions not included in the conserved domain structures. The level
of functional redundancy between the human ASXL family members has not yet been

fully delineated and more work is warranted.

The ASXL family of proteins are homologs of Drosophila Asx (Additional sex combs).
Deletion of Asx in Drosophila results in posterior and anterior homeotic transformations
which phenocopies deletion of repressive PcG (Polycomb) and activating Trithorax
genes, respectively (24-26). These data led to the hypothesis that Asx was involved in
both the repression and activation of homeobox genes. However, data presented in this
thesis and elsewhere suggest that human ASXL1 mainly regulates Polycomb activity in
myeloid malignancies (27, 28). These data do not exclude the possibility that ASXL1

could activate homeobox genes in cell types and/or contexts. ASXL1 has also been



shown to have functions in non-hematopoietic systems including cooperation with HP1a
and LSD1 to repress retinoic acid activity and peroxisome proliferation-activated

receptory to inhibit lipogenesis (29-31).

ASXL1 mutations in human malignancies

Constitutive heterozygous mutations in ASXL1 (20q11.21) have been found in about
54% of patients with Bohring-Opitz syndrome, a developmental disorder that results in
distinctive craniofacial abnormalities and failure to thrive (32). Recurrent somatic
mutations in ASXL1 have been identified in hematopoietic malignancies including in
myelodysplastic syndromes (MDS), CMML, myelofibrosis, MDS/myeloproliferative
neoplasm overlap disorders (MDS/MPN), and acute myeloid leukemia (AML)
transformed from MDS. ASXL1 mutations are found in about 45% of CMML (33, 34),
35% of myelofibrosis (33), 15-20% of MDS (34-36), 40-60% of MDS/MPN overlap
syndrome (37), 30% of AML transformed from MDS (38), and 6% of de novo AML cases
(39, 40). Many studies in hematopoietic malignancies have found that ASXL1 mutations

are associated with adverse overall survival (2, 35, 39, 41).

ASXL1 mutations are commonly heterozygous frameshift or nonsense mutations that
cluster in the C-terminal domain and can result in truncation before the PHD domain
(33). ASXL1 missense mutations are also scattered throughout the protein consistent
with the tumor suppressor activity of ASXL1 and the likelihood that the mutations lead to
a loss of activity of the mutant allele. The hypothesis that ASXL1 mutations are loss-of-
function mutations, however, remains controversial. Because many ASXL1 mutations
are nonsense and frameshift, the ASXL1 mutant allele could code for a truncated protein
product with a gain of activity. Data to support this notion include the development of a

murine bone marrow transplant model where retroviral expression of an ASXL1 C-



terminal truncated mutant protein (ASXL-MT) develops MDS-like symptoms (42). Recent
work has indicated that expression of truncated ASXL1 proteins in conjunction with its
interacting partner BAP1 results in an MDS-like disease (43). The authors propose that
the C-terminal domain of ASXL1 has autoinhibitory capabilities and loss of this
functionality results in a hyperactive protein. About 88% of the ASXL1 mutations in the
COSMIC database are frameshift mutations which could mean that it is advantageous to
lose the C-terminal (43). However, to date, no one has yet been able to show that
mutant truncated proteins are expressed endogenously in cell lines or patient samples.
Further, the activity of knockdown or deletion of ASXL1 has not been compared side-by-
side to activity of truncated ASXL1 products. Data presented in this dissertation suggest

that ASXL1 mutations are most commonly loss-of-function.

Modeling loss of Asxl1 in murine models

Asxll shares 81% sequence homology with human ASXL1 and maintains the key
conserved domains of the human ASXL family (44). The first murine loss-of-function
model studying the role of Asxll in hematopoiesis was developed utilizing targeted
insertion of a neo cassette into the AsxI1 locus. Constitutive deletion of AsxI1 resulted in
partial perinatal lethality, and the remaining viable mice develop B and T cell
abnormalities in addition to myeloid differentiation defects. However, hematopoietic
repopulating assays with Asxl1 knockout (KO) cells did not lead to differences in long-
term reconstitution (45, 46). Germline homozygous deletion of AsxI1l in another murine
model (utilizing Ella-Cre) results in embryonic lethality at day E19.5 (47). Knockout mice
had developmental abnormalities, consistent with those seen in Bohring-Opitz syndrome
patients, including microcephaly, cleft palates, and skeletal abnormalities. Hematopoietic

specific deletion of Asxll in adult animals utilizing Vav-cre or Mx1-cre results in a



progressive hematopoietic disorder that is accelerated with serial transplantation into
secondary and tertiary recipients. Asxl1 KO mice developed leukopenia and anemia at
6-12 months of age, consistent with an MDS-like disease (47). Subsequently, a novel
constitutive whole body AsxI1 knockout model was generated, and surviving mice also

developed a progressive hematopoietic malignancy (28).

Asxl1 KO animals have increased HSPCs but impaired self-renewal (28, 47). Loss of
AsxlI1 results in a stem cell deficiency as indicated by decreased in vitro replating
capacity and defective reconstitution in in vivo competition assays. Because loss of
Asxl1l results in defective self-renewal, Asxll mutations likely co-occur with other
mutations that compensate for these stem cell defects. Consistent with this, concomitant
deletion of Asxll and Tet2, an epigenetic modifier commonly mutated in myeloid
malignancies, rescues the Asxl1 stem cell defect and results in a worsened disease as
compared to deletion of either single allele (47). Truncated AsxI1 proteins also cooperate

with loss of Tet2 to induce a worsened myelodysplastic syndrome (43).

In a massive sequencing study, 483 European patients and 396 Mayo Clinic primary
myelofibrosis patient samples were assessed for mutation status and prognosis of the
identified somatic alterations. ASXL1 mutations were identified in about 22% of patients;
JAK2 activating mutations were found in about 60% of patients. As indicated by the
described Circos plot, ASXL1 and JAK2 mutations were the most common somatic
alterations to co-occur in primary myelofibrosis patients. Strikingly, a majority of these
patients were determined to be high risk. In this large cohort of patients, the only
significant indicator of poor prognosis was ASXL1 mutational status. These data have
been validated by other studies (2) (Figure 1.3). In this thesis we examine the role of

ASXL1 in cooperating with other alleles, specifically JAK2V617F. JAK2V617F itself has
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been linked to chromatin regulation, as JAK2 is thought to phosphorylate histone H3 at

tyrosine 41 (48).

BRCA1 ASSOCIATED PROTEIN-1

BAP1 protein structure

BAP1 was initially discovered in a BRCAL yeast two hybrid screen due to its interaction
with the RING finger domain of BRCAl (49). BAP1, a tumor suppressor, is a
dequbiquitinase that is a part of the ubiquitin C-terminal hydrolase (UCH) family (50).
Ubiquitination is a post-translation modification that marks proteins for degradation via
the cellular degradation machinery, and deubiquitinases (DUBs) remove this mark.
Dysregulation of the ubiquitination machinery in human malignancies has implications
for cellular regulatory pathways including protein stability, signaling and cellular
localization. BAP1 shares a high degree of sequence similarity with another ubiquitin
hydrolase DUB, UCHL5. The BAPL1 protein has three critical domains: a UCH N-terminal
catalytic domain which contains the enzymatic active site, a central linker region (HBM)
which modulates binding to Host cell factor-1 (HCF-1), and a C-terminal ULD domain
which potentially coordinates protein-protein interactions (23, 51). Three key residues in
the UCH domain—cysteine 91, alanine 95, and glycine 178—are required for removal of
ubiquitin from target substrates (52). BAP1 C91A and BAP1 C91S have been
established as catalytically dead mutants and are frequently used in in vitro assays as a
control. BAP1 has two nuclear localization signals (NLSs) located in the C-terminal of
the protein (53). BAP1 is ubiquitinated by UBE20 on an NLS, inducing cytoplasmic

sequestration. BAP1 is typically nuclear localized and counteracts UBE20O-mediated
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cytoplasmic sequestration by autodeubiquitination. This regulatory process can be

disrupted by loss-of-function mutations in BAP1 (54).

BAP1 mutations in human malignancies

The BAP1 gene (3p21.1) is located in a chromosomal tumor suppressor hot spot that is
commonly deleted in many human malignancies. Several alterations have been
identified in BAP1 that contribute to malignancy including deletions of exons leading to
loss of the UCH domain or premature protein truncation, focal deletions, frameshift
mutations, splice site mutations, nonsense mutations and missense mutations (50).
Constitutive mutations in BAP1 were initially identified in benign atypical melanocytic
tumors (ASTs) which were later termed melanocytic BAP1-mutated atypical intradermal
tumors (MBAITS) (55-57). These mutations tend to co-occur with mutations in BRAF and
typically have biallelic loss of BAP1 which is indicative of loss of nuclear staining (57).
Germline mutations in BAP1 lead to a cancer syndrome which leads to an increased
likelihood of mesothelioma, uveal melanoma, cutaneous melanoma and other cancers in
affected families (58, 59). Families with germline BAP1 mutations have an overall
greater risk of developing a malignancy (about 70% of BAP1 mutation carriers). BAP1
mutation carriers also develop other cancers including renal, breast, lung meningioma
and other types of carcinomas (60). Conversely, germline deletion of ASXL1 does not

result in a predisposition to cancer syndromes.

Unlike ASXL1 mutations, BAP1 somatic mutations are more common in solid tumors

than hematopoietic malignancies. Loss-of-function mutations have been identified in

uveal melanomas and BAP1 mutations clearly mark out metastatic cases (26 of 31
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cases, 84%) (61). BAP1 mutations in sporadic melanomas occur in about 5% of
cutaneous melanomas (55). The BAP1 mutations again co-occurred with BRAF
mutations, but the BAP1 mutations were only present in the melanocytic portion while
BRAF mutations were found in the nevus and melanoma components (55). These data
suggest BAP1 mutations may have a role in melanocytic transformation. Loss of BAP1
in melanoma cell lines results in reversion to a de-differentiated state, suggesting that

BAPL1 status contributes to stemness of the cells (62).

BAP1 mutations are found in sporadic mesotheliomas. About 50% of mesothelioma
tumors have chromosomal loss of 3p21.1. Somatic mutations in BAP1 occur in about
20% of mesothelioma patients overall, suggesting that BAP1 loss is a key genetic event
in mesothelioma (63). Another study found that BAP1 gene alterations occur in 61% of
mesotheliomas and that BAP1 mutations do not correspond to asbestos exposure or cell
type (64). Inactivating mutations and 3p21 chromosomal deletions are also common in
renal clear cell carcinoma (8-14% of patients) (65). BAP1 expression acts as an
independent indicator of poor patient prognosis in renal cell carcinoma (66). About 25
percent of patients with cholangiocarcinoma also have inactivating mutations in BAP1
(67). Rare mutations have also been identified in bladder, liver, prostate, stomach,
breast, ovary and lung carcinomas (60). It is unclear how these alterations contribute to

carcinogenesis.

While germline and somatic mutations in BAP1 are prevalent in human disease, there
are no established treatment protocols for patients with these mutations. BAP1 is a
tumor suppressor gene and, therefore, is not a candidate for small molecule targeted
inhibition. Rather, it is critical to elucidate pathways that can be hijacked to indirectly

target BAP1 activity. Histone deacetylase inhibitors have shown some activity in BAP1
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mutant cells in vitro, potentially due to the importance of BAP1 in chromatin regulation
(68). BAP1 mammalian models, specifically in solid tumors, are currently lacking. The
challenge with developing these reagents is likely due to the requirement of BAP1
mutations to co-occur with other oncogenic alleles, such as BRAF in cutaneous
melanoma and GNAQ in uveal melanoma. The development of more sophisticated
murine models will allow for further study of BAP1 transformation in solid tumors and

efficacy of therapeutic candidates in vivo.

BAP1in the BRCA1/BARD1 complex, DNA repair and the cell cycle

BAP1 was initially identified as a BRCA1 interaction partner, a protein that is involved in
repair of double-stranded DNA breaks (49). Further functional studies, however, have
clouded the relevance of BAP1 in BRCAL regulation. BAP1 has been shown to interact
with the BRCA1-BARD1 complex that has important roles in DNA repair (69, 70).
However, there are conflicting reports about whether BAP1 regulates the stability of
BRCAL. Some studies report that BAP1 does not deubiquitinate the BRCA1-BARD1
complex and BAPl-mediated tumor suppressive activity is independent of wild-type
BRCAL (70). A more recent study has shown that BAP1 interacts with BARD1 to
modulate the E3 ligase activity of BARD1 and that these proteins may coordinately
regulate ubiquitination in the DNA response pathway (69). These data suggest that

BAPL1 likely has BRCA1-dependent and —independent functions.

Recent work has further implicated BAP1 in the DNA damage response. A cell line
based RNA interference screen demonstrated that BAP1 was required for efficient
recruitment of BRCA1 and RAD51 to DNA damage foci (71). Cells with depleted BAP1

have defective repair and have more chromosomal breaks in response to ionizing
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radiation. Further, mutation of six phosphorylation sites of BAPL1 result in defective
recruitment of repair machinery. BAP1 has also been shown to phosphorylate the DNA
damage response kinase ATM (72). BAP1 has a role in cell cycle regulation that may be
linked to the regulation of the DNA damage response. Reintroduction of BAP1 into the
cell line H226, a mesothelioma cell line that lacks BAP1 expression, results in faster
passage through the G1/S checkpoint (52). These cells have impaired repair leading to
the induction of cell death. H226 cells with BAP1 re-expression grow more slowly in
tumor xenograft models than either the wild-type cell line or the catalytic dead mutant.
This mechanism appears to be independent of BRCA1 (52). These data suggest that

BAP1 is a tumor suppressor that has multifaceted roles in cell regulation.

Known BAP1 interaction partners

BAP1 has been shown to interact in vitro with the host cell factor 1 (HCF-1) in the
nucleus. HCF-1 is a transcriptional regulator that acts as a scaffolding protein to recruit
histone modifying complexes to target loci, including at E2F responsive promoters, and
has a key role in cell proliferation (52). BAP1 binds HCF-1 via the HBM domain of BAP1.
HCF-1 is a direct target DUB substrate of BAP1 and BAP1 hydrolyses its K48 linked
ubiquitin chains. It is thought that ubiquitinated HCF-1 cannot bind E2F responsive
promoters and that BAP1 activity removes this inhibition and stimulates cell proliferation
by regulating target gene expression (51, 73, 74). The BAP1/HCF-1 complex may be
critical for progression through G1/S-phase and for regulation of gene expression during
the cell cycle. YY1 is a transcription factor that interacts with the BAP1/HCF-1 complex

and may regulate gene expression by recruiting the complex to target loci (75).
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To define the Bapl interaction network in vivo, Dey et al. generated a FLAG-tagged
Bapl knock-in (KI) mouse (76) and hematopoietic cells from the Bapl KI model were
utilized for mass spectrometry experiments. In vivo Bapl interacts with HCF-1, OGT,
ASXL1, ASXL2, and KDM1B. Levels of HCF-1 were decreased in Bapl KO cells,
consistent with the proposition that protein stability of HCF-1 is regulated by Bap1(73).
Bapl KO cells also had decreased OGT, an enzyme that adds the sugar O-GIcNAc to
protein. O-GIcNAc was coordinately decreased in Bapl KO cells compared to controls
(76). The biological consequence of the O-GIcNAc mark is still unclear, as is the
importance of Bapl in the modulation of this mark. It is possible that the increased O-
GIcNAc mark activates HCF-1 and promotes its regulatory activity (77) (Figure 1.4).
OGT is thought to have a role in providing nutrient availability to chromatin structure
(78). Chromatin immunoprecipitation experiments also indicated that HCF-1 and OGT
were located at many sites bound by BAP1 (76). Yu et al. has proposed that most
cellular BAP1 protein is found in a core complex composed of HCF1, ASXL1, ASXL2,
OGT, FOXK1 and FOXK2. This core complex could potentially interact with various
transcription factors resulting in differential regulatory activities (75). The effects of

BAP1-associated transcriptional complexes are also likely context dependent.

The BAP1-ASXL1 interaction has been validated in several reports (73, 76, 79). Studies
in Drosophila have demonstrated that BAP1 and ASXL1 can function as a complex to
remove the H2KA119Ub mark from chromatin. The Polycomb Repressive 1 Complex
(PRC1) places the H2AK119Ub mark to effectively fix chromatin in a repressed state.
The H2AK119Ub mark can be removed by the BAP1-ASXL1 complex, with BAP1
contributing the catalytic activity. This complex has been termed the Polycomb

Repressive Deubiquitinase Complex (PR-DUB) (22). These data suggest that PR-DUB
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Figure 1.4. BAP1-dependent regulation of HCT and OGT.
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could have a role in the regulation of Polycomb target genes (Figure 1.5). However,
changes in H2AK119Ub in BAP1 knockdown and knockout models have been
inconsistent and more work needs to be done to functionally characterize this complex in

mammalian systems.

BAP1 loss-of-function in vivo models

Constitutive loss of Bapl results in embryonic lethality at embryonic day 8.5 due to
developmental retardation, including cardiac defects (76). Dey et al. generated a whole
body conditional knockout model of Bapl utilizing a creERT2 tamoxifen inducible Cre
system. Four weeks after induction of excision with tamoxifen, Bap1-null mice developed
a hematopoietic phenotype characterized by splenomegaly due to extramedullary
hematopoiesis. Histopathological analyses of these animals revealed a syndrome similar
to an MDS/MPN overlap disorder such as human chronic myelomonocytic leukemia.
Heterozygous deletion of Bapl resulted in a mild hematopoietic phenotype in
comparison to complete loss of Bapl. Bapl KO mice were characterized as having high
white cell counts and anemia in addition to thrombocytopenia. Conditional deletion of
Bap1l results in an expansion of hematopoietic stem cells and myeloid progenitor cells in
the bone marrow. However, these stem cells have defective self-renewal in colony
assays and in in vivo competitive assays. These data suggest that Bapl loss may lead
to defects in stem cell homing or engraftment and more work is necessary to understand
this (77). Further, single copy or complete loss of Bapl may need to be coupled with

another hematopoietic alteration that promotes self-renewal to propagate the disease.
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Figure 1.5. BAP1 and ASXL1 are implicated in regulation of repressive polycomb
machinery. Reprinted by permission from Macmillan Publishers Ltd: NATURE
REVIEWS CANCER 12(9), copyright 2012.
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Others have attempted to model Bapl loss-of-function in solid tumor murine models.
Mice with deletion of a single copy of Bapl have increased susceptibility to
mesothelioma after chronic exposure to asbestos; however, spontaneous
mesotheliomas were not seen in these models (80). Wild-type mice require the loss of
Cdkn2a to develop asbestos-induced mesothelioma, while mice with heterozygous loss
of Bapl did not. Xu et al. found that Bapl loss led to downregulation of Rb via a

p16(Ink4a)-independent mechanism.

Bapl loss was also assessed in a morpholino DUB screen in zebrafish (81). Deletion of
bapl led to the development of increased neurons. The Notch pathway is involved in this
process and loss of Notch leads to premature differentiation of neural progenitors. More
analysis is warranted here to understand the role of BAP1 and the regulation of Notch
signaling. Overall, the development of Bapl loss-of-function models is in its infancy and
the development of new reagents will allow for further elucidation of the roles of Bapl

loss in disease transformation.

ENHANCER OF ZESTE 2 (EZH2) AND POLYCOMB COMPLEXES

Polycomb expression and EZH2 catalytic activity

In Drosophila, Polycomb and Trithorax genes maintain gene expression patterns.
Polycomb genes are repressed with two regulatory complexes, the Polycomb repressive
complex 1 (PRC1) and the ESC-E(Z) complex (82). The ESC-E(Z) complex represses
key development genes in Drosophila which maintain appropriate patterning in adult
animals. EZH2 is the catalytic component of the human Polycomb Repressive Complex

2 (PRC2), analogous to the Drosophila ESC-E(Z) complex, which is responsible for
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placing the repressive H3K27me2/3 mark on chromatin. The PRC2 complex has been
established as a key chromatin regulatory complex that modulates transcriptional
silencing (83). EZH2 has four protein domains: two SANT domains, a CXXC domain,
and the catalytic SET domain. EZH2 also contains a non-coding RNA binding domain
(84). The canonical PRC2 complex is composed of EZH2, SUZ12, EED, and RBBPA4.
JARID2, AEBP2, and PCL are accessory proteins that regulate the activity of the PRC2
complex in different contexts (85, 86). Histone methylation by EZH2 is mediated by a
conserved NHS catalytic triad that is responsible for recognition of the histone peptide
and for binding of S-adenosyl-methionine (SAM) in the active site (87). EZH2 activity is
regulated by several post-translational modification events. These include
phosphorylation at serine 21 by AKT1 which reduces EZH2 activity (88) and
phosphorylation at threonine 345 by CDK1 and CDK2 which helps to maintain
H3K27me3 marks at promoters (89). Two demethylases have been identified, UTX and
JMJD3, that remove the H3K27me3 placed by EZH2 (90). EZH2 may also have non-
canonical roles in breast and prostate cancer, including involvement in a B-catenin/TCF

complex at the promoter of c-Myc in ER positive breast cancer cells (91).

EZH2 and EZH1 redundancy

In some contexts, EZH1 can replace EZH2 as the catalytic component in the PRC2
complex. This redundancy complicates the understanding of PRC2 regulation, and the
role of the EZH1-PRC2 complex is still somewhat elusive. In embryonic stem cells, both
EZH1 and EZH2 have a role in maintenance of H3K27me3 on repressed chromatin and
regulation of stem cell related transcriptional programs (92, 93). However, EZH1 can
mark active promoters in muscle cells and hippocampal neurons (94, 95). Recent work

has shown that EZH1 and EZH2 expression are inversely correlated during normal
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hematopoiesis and that they are not always functionally redundant. The authors suggest
that EZH1 can bind SUZ12 in the absence of EED, a sort of non-canonical PRC2
complex. This complex may sequester SUZ12 from the canonical PRC2 complex or it
could be directly activating transcription via regulation of the transcriptional machinery
(3). EZH2 was shown to be highly expressed in progenitors cells and is downregulated
in more mature hematopoietic lineages, while EZH1 is very lowly expressed in
progenitor populations (Figure 1.6). EZH1 tends to be more highly expressed in non-
proliferating cells while EZH2 is more highly expressed in proliferating cells (96). Ezh1
knockout mice have no changes in fetal hematopoiesis but conditional knockout mice

severely disrupt adult hematopoiesis (97), while the reverse is true for Ezh2 (98).

Other evidence supports the EZH2/EZH1 redundancy in some contexts. A study in MLL-
AF9 leukemia revealed that EZH2 was required for leukemic progression although some
H3K27me3 was still found in cells with deleted EZH2 (99). Therefore, the authors
proposed that there is some potential redundancy in Polycomb complexes, potentially
with an EZH1-PRC2 complex. Conditional deletion of Eed in hematopoietic cells results
in a more severe phenotype than Ezh2 deletion alone. In HSPCs, fewer genes change in
response to Ezh2 deletion compared to Eed deletion, meaning there may be some
redundancy with another protein (100). There have also been reports of the formation of
EZH1/EZH2 heterodimers, but studies in the hematopoietic system did not show

evidence of this (96).

EZH2 alterations in human malignancies: dual oncogene and tumor suppressor

Oncogene
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Figure 1.6. EZH2 and EZH1 expression in sorted murine hematopoietic
populations (3) Reprinted from Molecular Cell, 57(2), Jian Xu,Zhen Shao,Dan Li,Huafeng
Xie,Woojin Kim, et al., Developmental Control of Polycomb Subunit Composition by
GATA Factors Mediates a Switch to Non-Canonical Functions, 304-316. Copyright 2015,
with permission from Elsevier.
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PRC2-dependent gene regulation varies based on cell-type and context, and a multitude
of target genes are disrupted by dysregulation of Polycomb. Therefore, it is not
surprising that EZH2 alterations have dual roles in human carcinogenesis, with reports of
EZH2 acting as an oncogene and tumor suppressor. Heterozygous mutations in EZH2
have been identified in B-cell lymphomas of germinal center origin such as diffuse large
B-cell lymphomas (DLBCL) and follicular lymphoma (FL). EZH2 point mutations typically
occur in the SET domain of EZH2 at residue Tyr641 (Y641). EZH2 mutations are found
in about 21% of DLBCLs and 7% of FLs (8, 101). The Y641N mutation is thought to alter
the substrate binding pocket, allowing for accommodation of the trimethyl group. Two
other rare mutations have been detected in B-cell malignancies, A677G and A687V,
which are also believed to be activating mutations (102). Initially, these mutations were
thought to reduce EZH2 enzymatic activity while later studies showed that they were in
fact activating mutations. EZH2 Y646 activating point mutations have also been

identified in cutaneous melanoma models (103).

EZH2 has also been found to be overexpressed in metastatic prostate cancer and loss
of EZH2 represses the growth of prostate cancer cells. EZH2 silencing has a greater
effect on androgen independent growth in vitro and in vivo. Further, androgen receptor
signaling pathways modulate EZH2 activity levels and androgens have been found to
repress EZH2 expression (104, 105). EZH2 is also overexpressed in breast cancers and
may be indicative of a more aggressive phenotype (106). EZH2 may regulate genes
involved in the E2F-Rb, PI3K/Akt and estrogen signaling pathways. Further,
overexpression of EZH2 has been reported in non-small cell lung cancers also related to
activation of the E2F-Rb pathway (107). EZH2 overexpression has also been identified

in bladder cancer and ovarian cancer (91). High EZH2 expression was linked to poorer
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overall survival in cutaneous melanoma patients (103). Therefore, EZH2 has been

implicated as an oncogene in several cellular contexts.

Tumor Suppressor

Inactivating/hypomorphic mutations in EZH2 have also been identified in hematopoietic
malignancies. Ernst et al. found that about 8% of patients with myeloid malignancies had
mutations in EZH2 (with a third of these being loss-of-function, which is indicative of a
tumor suppressor). Many of these patients had myelofibrosis and MDS/MPN overlap
syndromes (108). Another study identified loss-of-function mutations in patients with
MDS. EZH2 mutations tend to be indicative of poorer prognosis in patients with
MDS/MPN and myelofibrosis (109). Mutations in splicing machinery, including U2AF1
and SRSF2, result in aberrant pre-mRNA processing and reduction in EZH2 expression
(110). HOXA9 has been shown to be a key downstream target of EZH2 and is typically
increased in patients where EZH2 expression is lost. HOXA9 tends to also be increased
in patients with losses at chromosome 7 including the EZH2 locus. Therefore, loss-of-
function mutations in EZH2 may lead to changes in self-renewal mediated by HOXA9
(91). EZH2 inactivating mutations have also been identified in about 25% of primary T-
acute lymphoblastic leukemias (T-ALLs). Knockdown of EZH2 in T-ALL xenograft
models results in increased cell growth, suggestive of EZH2 acting as a tumor

suppressor in this context (111).

EZH2 in EMT and Metastasis

Overexpression of EZH2 has been reported in several cancers including prostate and
breast cancer. Expression of EZH2 has also been linked to metastasis in these tumor

types. One mechanism by which EZH2 regulates metastasis and invasion is by
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transcriptional silencing of the E-cadherin gene, a gene critical for EMT. E-Cadherin has
been shown to be a Polycomb target gene resulting in the recruitment of histone
deaceytlase machinery. Histone deacetylase inhibitors can counteract the invasion of

cancer cell lines induced by repression of E-Cadherin signaling (112).

Ezh2 murine models

Gain-of-function

An Ezh2 knock-in mouse model was generated to test the effect of conditional
overexpression of Ezh2 in the hematopoietic lineages (113). Overexpression of EZH2
led to the development of an MPN characterized by an expanded hematopoietic stem
cell compartment with increased self-renewal capacity. These data suggest that EZH2
regulates HSPCs and has a smaller effect in more mature lineages (113). MLL-AF9
transformed AML cells have been studied with and without Ezh2 knockout. Deletion of
Ezh2 resulted in increased differentiation in MLL-AF9 mice and a reversion to a less
severe phenotype that resembled MDS/MPN. Therefore, Ezh2 may have an oncogenic
effect in this leukemia by inhibition of differentiation (99). Conditional expression using
Cyicre of EZH2 Y641N resulted in increased proliferation of the germinal B cell
compartment. While these mice did develop B cell hyperplasia, they do not develop
overt lymphomas. The authors demonstrate that EZH2 has a role in the suppression of
differentiation in this model (114). In various tumor types, EZH2 expression is required

for disease progression, including in melanoma (103).

Loss-of-function
Interestingly, Ezh2 is required for fetal hematopoiesis in mice, but not in adult stem cell

maintenance (115). Mx1-Cre mediated conditional deletion of Ezh2 results in defective
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pro-B and immature B cells (116). Ezh2 hematopoietic KO mice do not develop myeloid
malignancies, but over time mice develop T-ALLs (117). Conditional deletion of Ezh2 in
germinal center B-cells demonstrated that Ezh2 activity was essential for germinal
center proliferation (114). The epigenetic modifiers EZH2 and TET2 are commonly co-
mutated in myelodysplastic syndromes. Co-deletion of EZH2 and TET2 in mice leads to
a more severe myelodysplastic syndrome (118); therefore, loss of Ezh2 may cooperate
with other alleles to cause transformation. Homozygous conditional deletion of Eed
results in stem cell exhaustion. Conversely, heterozygous loss of Eed results in a stem
cell advantage in vitro and in vivo. Serial transplantation assays in vivo with Eed f/+ cells
do not result in leukemic transformation (100). Depletion of Suz12 in the hematopoietic
system also results in a severe hematopoietic defect, demonstrating that Eed and Suz12
components are essential and non-redundant (119). Overall, the PRC2 complex plays
diverse roles in normal hematopoiesis and disease transformation. Therefore, the clinical

utility of PRC2 inhibitors will need to be carefully evaluated.

Small molecule inhibitors of EZH2

S-adenosylhomocysteine hydrolase inhibitors

The first drug that was found to inhibit EZH2 was 3-Deazaneplanocin (DZNep) which
indirectly targets S-adenosylhomocysteine (SAH) hydrolase, inhibiting
methyltransferases and targeting EZH2 for degradation (120). However, DZNep was
later considered to be a poor EZH2 inhibitor due to its broad effect on histone

methyltransferases.

SAM-competitive inhibitors
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Since the discovery of EZH2 gain-of-function mutations in lymphoma, significant
advances have been made in the development of small molecule EZH2 inhibitors. The
structures of these inhibitors are included in Figure 1.7. Most of these inhibitors utilize a
similar structure and act via a competitive mechanism to bind the S-adenosylmethionine
(SAM) pocket of the SET domain in EZH2. Most of these inhibitors have some selectivity
of EZH2 over EZH1. Novartis, GlaxoSmithKline, and Epizyme all identified small
molecule inhibitors of EZH2, termed EI1 (121), EPZ005687(122), and GSK126 (123).
These inhibitors were shown to induce apoptosis in lymphoma cell line models with the
EZH2Y641 mutation. In vivo activity was also described in lymphoma xenograft models
utilizing GSK126 and later EPZ-6438 (124), a variant of EPZ005687 with improved
pharmacodynamics properties. Another clinical tool compound, EPZ011989 (125), was
recently described. UNC1999 is a derivative of GSK126 and is orally available, unlike
GSK126. Furthermore, unlike the other inhibitors described above, UNC1999 does not
have selectivity of EZH2 over EZH1 (126). From these data, the hypothesis was
proposed that patients with activating mutations in EZH2 would be more sensitive to
EZH2 inhibition. However, initial clinical trials presented by Epizyme have shown that
patients with wild-type EZH2 are also sensitive to EZH2 inhibition, suggesting that EZH2

inhibitors may prove to be more efficacious in the clinic than initially realized.

Inhibition of the EZH1/2-EED Interface

An alternate mechanism to inhibit PRC2 is to disrupt the EZH2-EED binding interface.
To this end, hydrocarbon-stapled peptides were utilized to generate SAH-EZH2 peptides
that contained non-natural amino acids inserted into the EZH2 alpha-helical sequence.
These peptides could sequester EED and impair catalyzation of the H3K27me3 mark.

The SAH-EZH2 peptides induced growth arrest and differentiation, phenotypes
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Figure 1.7. Small molecule EZH2 inhibitors (4).
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comparable to knockdown or small molecule inhibition of EZH2 (127). This rationale may

lead to a secondary approach to clinically target EZH2.

POLYCOMB REPRESSIVE COMPLEX 1

The role of the Polycomb Repressive Complex 1 (PRC1) is to functionally lockdown
silenced genes after PRC2-mediated methylation. Unlike the PRC2 complex, the PRC1
complex is functionally diverse and five independent PRC1 complexes (Figure 1.8) have
been classified to date. All of these complexes contain the RING1 E3 ligase that
catalyzes the placement of the ubiquitin mark of H2AK119 (128). The canonical PRC1
complex contains the protein BMI1 and CBX proteins, which maintain the ability to bind
PRC1. An atypical PRC1 complex contains the protein L3MBTL2, which may maintain
repressive chromatin. L3MBTL2 can bind H2AK119ub, but loss of LAMBTL2 in vivo did
not grossly alter this mark (129). L3MBTL2 has been shown to bind to H4K20me1l (130),
a finding that we follow up on in this study. The ASXL1-BAP1 complex is hypothesized
to regulate the activity of the PRC1 complex, with BAP1 being implicated in removal of
this mark. However, more work needs to be done to further understand the role of the

myriad PRC1 complexes in transcriptional and chromatin regulation.

CONCLUSION OF INTRODUCTION

The PRC2 machinery is highly conserved and plays key roles in development,
hematopoiesis, and transformation. Because the PRC2 complex broadly controls the
expression of a panel of Polycomb target genes, tight regulation of the PRC2 members
is critical to maintain normal gene expression patterning. In many cancer types, the

PRC2 complex is hijacked by mutation or loss of key components resulting in aberrant
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transcription. This necessity to maintain a fine balance of PRC2 activity is evidenced by
the fact that EZH2 can act as an oncogene and tumor suppressor in different settings.
Therefore, greater mechanistic understanding of how the PRC2 complex regulates gene
expression and how it contributes to disease transformation is key to understand how to

therapeutically intervene in patients with PRC2-related alterations.

We are becoming increasingly aware of the complexity of epigenetic complexes. Many
proteins, such as BAP1 and ASXL1, are key interactors in these complexes. Further, it is
becoming apparent that these epigenetic modifiers are promiscuous and therefore may
be interactors with multiple epigenetic complexes. This regulation may vary based on the
expression and localization of specific adaptor proteins in different cell types. The goal of
this thesis is to understand the complex relationships of BAP1 and ASXL1 with the
PRC2 complex and other cellular machinery. To do this, we utilized varied in vitro and in
vivo systems to manipulate BAP1 and ASXL1 expression and to understand how these
changes affect PRC2 activity. Our goal was to use this information to understand the
roles of ASXL1 and BAP1 in normal and malignant hematopoiesis. We also aimed to

determine if we could broadly extend these findings to relevant settings in solid tumors.
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CHAPTER Il
ASXL1 Mutations Promote Myeloid Transformation through Loss of PRC2-

Mediated Gene Repression

SUMMARY
Recurrent somatic ASXL1 mutations occur in patients with myelodysplastic syndrome,
myeloproliferative neoplasms, and acute myeloid leukemia, and are associated with
adverse outcome. Despite the genetic and clinical data implicating ASXL1 mutations in
myeloid malignancies, the mechanisms of transformation by ASXL1 mutations are not
understood. Here, we identify that ASXL1 mutations result in loss of polycomb
repressive complex 2 (PRC2)-mediated histone H3 lysine 27 (H3K27) tri-methylation.
Through integration of microarray data with genome-wide histone modification ChlP-Seq
data, we identify targets of ASXL1 repression, including the posterior HOXA cluster that
is known to contribute to myeloid transformation. We demonstrate that ASXL1
associates with the PRC2, and that loss of ASXL1 invivo collaborates

with NRASG12D to promote myeloid leukemogenesis.

INTRODUCTION

Recent genome-wide and candidate-gene discovery efforts have identified a series of
novel somatic genetic alterations in patients with myeloid malignancies with relevance to
pathogenesis, prognostication, and/or therapy. Notably, these include mutations in
genes with known or putative roles in the epigenetic regulation of gene transcription.
One such example are mutations in the gene Addition of sex combs-like 1 (ASXL1),
which is mutated in =15-25% of patients with myelodysplastic syndrome (MDS) and

=10-15% of patients with myeloproliferative neoplasms (MPN) and acute
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myeloid ‘leukemia (AML) (33, 34, 36). Clinical studies have consistently indicated that
mutations in ASXL1 are associated with adverse survival in MDS and AML (35, 36, 39,
131). ASXLlis the human homologue of Drosophila Additional sex combs
(Asx). Asx deletion results in a homeotic phenotype characteristic of both Polycomb
(PcG) and Trithorax group (TxG) gene deletions (132) which led to the hypothesis that
Asx has dual functions in silencing and activation of homeotic gene expression. In
addition, functional studies in Drosophila suggested that Asx encodes a chromatin-
associated protein with similarities to PcG proteins (24). More recently, it was
demonstrated that Drosophila Asx forms a complex with the chromatin deubiquitinase
Calypso to form the Polycomb-repressive deubiquitinase (PR-DUB) complex, which
removes monoubiquitin from histone H2A at lysine 119. The mammalian homologue of
Calypso, BAP1, directly associates with ASXL1, and the mammalian BAP1-ASXL1

complex was shown to possess deubiquitinase activity in vitro (22).

The mechanisms by which ASXL1 mutations contribute to myeloid transformation have
not been delineated. A series of in vitro studies in non-hematopoietic cells have
suggested a variety of activities for ASXL1 including physical cooperativity with HP1a
and LSD1 to repress retinoic acid-receptor activity and interaction with peroxisome
proliferator-activated receptor gamma (PPARg) to suppress lipogenesis (29-31). In
addition, a recent study using a gene-trap model reported that constitutive disruption
of Asxl1 results in significant perinatal lethality, however the authors did not note

alterations in stem/progenitor numbers in surviving Asxl1 gene trap mice (45, 46).

®Reprinted from Cancer Cell, 22(2), Omar Abdel-Wahab,Mazhar Adli,Lindsay M. LaFave,Jie Gao,Todd
Hricik,Alan H. Shih,Suveg Pandey,Jay P. Patel,Young Rock Chung,Richard Koche,Fabiana Perna,Xinyang
Zhao,Jordan E. Taylor,Christopher Y. Park,Martin Carroll,Ari Melnick,Stephen D. Nimer et al. ASXL1
Mutations Promote Myeloid Transformation through Loss of PRC2-Mediated Gene Repression, 180-193,
Copyright 2012, with permission from Elsevier.
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Importantly, the majority of mutations in ASXL1 occur as nonsense mutations and
insertions/deletions proximal or within the last exon prior to the highly conserved PHD
domain. It is currently unknown whether mutations in ASXL1 might confer a gain-of-
function due to expression of a truncated protein, or whether somatic loss of ASXL1 in
hematopoietic cells leads to specific changes in epigenetic state, gene expression, or
hematopoietic functional output. The goals of this study were to determine the effects
of ASXL1 mutations on ASXL1 expression as well as the transcriptional and biological
effects of perturbations in ASXL1 which might contribute towards myeloid

transformation.

MATERIALS AND METHODS

Cell culture

HEK293T cells were cultured in Dulbecco’'s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and nonessential amino acids. Human
leukemia cell lines were cultured in RPMI-1640 medium supplemented with 10%
FBS+1mM hydrocortisone+10% horse serum (UKEL cells), RPMI-1640 supplemented
with 10% FBS (K562, MOLM13, KCL22, KU812 cells), RPMI-1640 supplemented with
20% FBS (SET2, NOMO1, Monomac-6 cells), or IMDM + 20% FBS (KBM5 cells). For
proliferation studies, 1x10° cells were seeded in 1mL volume of media in triplicate and

cell number was counted manually daily for 7 days by Trypan blue exclusion.

Plasmid constructs, mutagenesis protocol, short hairpin RNA (shRNA) and small

interfering RNA (siRNA)

The cDNA clone of full-length mouse ASXL1 (NM_001039939) was purchased from

Kazusa DNA Research Institute (http://www.kazusa.or.jp/huge/) and human ASXL1
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(NM_015338) with an N-terminal FLAG tag was a generous gift from Daniel Birnbaum.
The ASXL1 591X, 629X, 710X, and 936X mutations were generated using site-directed
mutagenesis (Quickchange-XL; Stratagene) and confirmed by full-length DNA
sequencing. A MSCV vector encoding NRASG12D was a generous gift of Rubaio Ren.
Wild-type sequences were then subcloned into MIGR1 or MSCV-IRES-Puromycin
vectors. All sequences were confirmed by direct sequencing before expression in 293T
cells and retrovirus generation. shRNAs for knockdown of human ASXL1 (TRC Oligo
IDs: TRCNO0000134690 and TRCNO0000135296), human BAP1 (TRC Oligo IDs:
TRCNO0000078702 and TRCNO0000078698), and mouse BAP1 (TCR Oligo IDs:
TRCNO0000030719 and TRCNO0000030720) were obtained from the The RNAI
Consortium (TRC) in a pLKO.1 puromycin vector. pLKO.1-puromycin empty vector or
pLKO.1-puromycin vector encoding an shRNA for luciferase (shLUC) were used as
controls. Oligonucleotide sequences targeting murine ASXL1 (NM_001039939) were

selected on the basis of BIOPREDsi algorithms (http://www.biopredsi.org; (133)) as

described previously and are available upon request. Individual shRNAs for validation
were synthesized as 97 bp oligos (Sigma Genosys), PCR-amplified, cloned into LMS
(MSCV-based vectors encoding GFP) (134)and verified by sequencing. For shRNA-
mediated knockdown of AsxIl in Ba/F3 and mouse bone marrow cells, cells were
infected with retroviruses bearing Asxl1 shRNA constructs and cells were then sorted for
GFP-positive cells 48 hours after infection. Knockdown of hASXL1 in CD34+ cells from
cord blood was performed by transfection of Dharmacon ON-TARGETplus SMARTpool
ASXL1 siRNA pool (ThermoScientific L-012856-00-0005) or p-MaxGFP vector using a

Nucleofector Il device (Lonza).

Primary AML patient samples and ASXL1, BAP1, EZH2, SUZ12 and EED genomic

DNA sequencing analysis
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Approval was obtained from the institutional review boards at Memorial Sloan-Kettering
Cancer Center and at the Hospital of the University of Pennsylvania for these studies,
and informed consent was provided according to the Declaration of Helsinki. Genomic
DNA was extracted from all cell lines used in this manuscript and select AML patient
samples for ASXL1 genotyping prior to Western blot and ChlIP-gPCR analysis. Patient
samples were obtained from the Stem Cell and Xenotransplantation Core Facility of the
University of Pennsylvania. Approval was obtained from the institutional review boards at
Memorial Sloan Kettering Cancer Center (IRB protocol 06-107) and the University of
Pennsylvania (IRB protocol 703185), and informed consent was provided according to
the Declaration of Helsinki. All samples were collected after de-identification for these
studies. High-throughput DNA sequence analysis was used to screen for ASXL1, BAP1,
EZH2, SUZ12, and EED mutations. We performed high throughput PCR amplification
followed by DNA sequence analysis using an ABI 3730 capillary sequencer (Agencourt
Bioscience, Beverly, MA). Bidirectional sequence traces were analyzed for mutations
using Mutation Surveyor (Softgenetics, Inc., State College, PA), and all traces with
putative mutations were reviewed manually. Any potential missense alleles were
censored from analysis without validation in paired germline material, whereas all

frameshift and nonsense alleles were scored somatic in origin.

Western Blot and Immunoprecipitation Analysis

Western blots were carried out using the following antibodies: ASXL1 (Clone N-13;
Santa Cruz (sc-85283); N-terminus directed), ASXL1 (Clone 2049C2a; Santa Cruz (sc-
81053); C-terminus directed), BAP1 (clone 3C11; Santa Cruz (sc-13576)), BMI1 (Abcam
ab14389), EED (Abcam ab4469), EZH2 (Active Motif 39933 or Millipore 07-689), FLAG
(M2 FLAG; Sigma A2220), Histone H3 lysine 27 trimethyl (Abcam ab6002), Histone H2A

Antibody I (Cell Signaling Technologies 2578), Ubiquityl-Histone H2AK119 (Clone
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D27C4; Cell Signaling Technologies 8240), RING1A (Abcam ab32807), SUZ12 (Abcam
ab12073), and total histone H3 (Abcam ab1791), and tubulin (Sigma, T9026). Antibodies
different from the above used for immunoprecipitation include: ASXL1 (clone H105X;
Santa Cruz (sc- 98302)), FLAG (Novus Biological Products; NBP1-06712), and EZH2
(Active Motif 39901). IP and pull-down reactions were performed in IP buffer (150 mM
NaCl, 20mM Tris (pH 7.4-7.5), 5mM EDTA, 1% Triton, 100mM sodium orthovanadate,
protease arrest (Genotec), 1ImM PMSF, and phenylarsene oxide). To ensure nuclease-
free IP conditions, IP’s were also performed using the following methodology (135): cells
were lysed in BC-300 buffer (20mM Tris-HCI (pH 7.4), 10% glycerol, 300mM KCI, 0.1%
NP-40) and the cleared lysate was separated from the insoluble pellet and treated with
MgCI2 to 2.5mM and benzonase (EMD) at a concentration of 1250 U/ml. The lysate was
then incubated for 1-1.5 hours at 4 degrees. The reaction was then stopped with
addition of 5mM EDTA. DNA digestion in confirmed on an ethidium bromide agarose gel.

We then set up our IP by incubating our lysate overnight at 4 degrees.

Histone Extraction and Histone LC/MS analysis

Histones were extracted using either standard overnight acid extraction protocol or using
Histone Purification MiniKit (Active Motif 40026). Acid-extracted proteins were resolved
in SDS-PAGE, in-gel trypsin digested, and analyzed by reversed-phase LC-MS/MS as

described previously (136).

Gene Expression Analysis

Total RNA was extracted from cells using Qiagen’s RNeasy Plus Mini kit (Valencia, CA).
cDNA synthesis, labeling, hybridization and quality control were carried out as previously
described (137). Ten micrograms of RNA was then used for generation of labeled cRNA

according to the manufacturer’s instructions (Affymetrix, Santa Clara, CA). Hybridization
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of the labeled cRNA fragments and washing, staining, and scanning of the arrays were
carried out as per instructions of the manufacturer. Labeled cRNA from CD34+ cells
treated with either ASXL1 siRNA or controls were analyzed using the Affymetrix HG-
U133-Plus2.0 platform and from UKE1l cells using the Illumina Href8 array. All
expression profile experiments were carried out using biological duplicates. Raw
expression values from the Affymetrix platform were pre-processed using the MAS 5.0
algorithm where probeset values having "Present" calls in 280% of samples were
captured and quantile normalized across all samples on a per-chip basis. Raw
expression values generated by Genome Studio (lllumina) were filtered to exclude
probesets having expression values below negative background in =280% of samples.
Probesets remaining after background filtering were log-2 transformed and quantile
normalized on a per-chip basis. qRT-PCR was performed on cDNA using SYBR green

guantification in an ABI 7500 sequence detection system.

Chromatin Immunoprecipitation and Antibodies

ChIP experiments for H3K4me3, H3K27me3, and H3K36me3 were carried out as
described previously (138, 139). Cells were crosslinked in 1% formaldehyde, lysed and
sonicated with a Branson 250 Sonifier to obtain chromatin fragments in a size range
between 200 and 700 bp. Solubilized chromatin was diluted in ChIP dilution buffer (1:10)
and incubated with antibody overnight at 4°C. Protein A sepharose beads (Sigma) were
used to capture the antibody-chromatin complex and washed with low salt, LiCl, as well
as TE (pH 8.0) wash buffers. Enriched chromatin fragments were eluted at 65°C for 10
min, subjected to crosslink reversal at 65°C for 5 hrs, and treated with Proteinase K (1
mg/ml), before being extracted by phenol-chloroform-isoamyl alcohol, and ethanol
precipitated. ChiIP DNA was then quantified by QuantiT Picogreen dsDNA Assay kit

(Invitrogen). ChIP experiments for ASXL1 were carried out on nuclear preps.
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Crosslinked cells were incubated in swelling buffer (0.1 M Tris pH 7.6, 10 mM KOAc, 15
mM MgOAc, 1% NP40), on ice for twenty minutes, passed through a 16G needle 20
times and centrifuged to collect nuclei. Isolated nuclei were then lysed, sonicated and
immunoprecipitated as described above. Antibodies used for ChIP include anti-
H3K4me3 (Abcam ab8580), anti-H3K27me3 (Upstate 07-449), anti-H3K36me3 (Abcam
ab9050), and anti-ASXL1 (clone H105X; Santa Cruz (sc-98302)), and Ubiquityl-Histone

H2AK119 (Clone D27C4; Cell Signaling Technologies 8240).

Sequencing Library Preparation, lllumina/Solexa Sequencing, and Read Alignment

and Generation of Density Maps

Library preparation and ultra high-throughput sequencing were carried out as described
(139). Briefly, one to ten nanograms (ng) of ChlIP DNA were end-repaired and
59phosphorylated using ENDIt DNA End-Repair Kit (Epicentre). We then followed steps
four through seven of Illlumina standard sample prep protocol (v1.8) using Genomic DNA
Sample Prep Kit (lllumina) with minor modifications. A single Adenine was added to 39
ends by Klenow (39R59 exo02), and double-stranded Illumina Adapters were ligated to
the ends of the ChIP fragments. Adapter-ligated ChlP DNA fragments between 275 bp
to 700 bp were gel-purified and subjected to 18 cycles of PCR. Prepared libraries were
guantified using PicoGreen and sequenced on the lllumina Genome Analyzer per
standard operating procedures. Sequence reads (36 bases) from each ChIP experiment
were compiled, post-processed and aligned to the appropriate reference genome using
a general purpose computational pipeline as described previously (139). Aligned reads
are used to estimate the number of end-sequenced ChIP fragments that overlap any
given genomic position (at 25-bp resolution). For each position, we counted the number
of reads that are oriented towards it and closer than the average length of a library

fragment (300 bp). The result is a high-resolution density map that can be viewed
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through the UCSC Genome Browser [62] and is used for downstream analyses. Prior
comparisons to microarray analysis and quantitative real-time PCR have shown that

ChIP-Seq density maps accurately reflect enrichment (139).

HOXA Nanostring nCounter Gene Expression CodeSet

Direct digital mMRNA analysis of HOXA cluster gene expression was performed using a
Custom CodeSet including each HOXA gene (NanoString Technologies). Synthesis of
the oligonucleotides was done by NanoString Technologies, and hybridization and
analysis was done using the Prep Station and Digital Analyzer purchased from the

company.

Animal Use, Retroviral Bone Marrow Transplantation, Flow Cytometry and Colony

Assays

Animal care was in strict compliance with institutional guidelines established by the
Memorial Sloan-Kettering Cancer Center, the National Academy of Sciences Guide for
the Care and Use of Laboratory Animals, and the Association for Assessment and
Accreditation of Laboratory Animal Care International. All animal procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) at Memorial
Sloan-Kettering Cancer Center. NRasG12D plus MIGR1 EV or mASXL1 shRNA bone
marrow transplantation assays were performed using donor cells from 5FU-conditioned
mice as described previously (140). Animal care was in strict compliance with
institutional guidelines established by the Memorial Sloan-Kettering Cancer Center, the
National Academy of Sciences Guide for the Care and Use of Laboratory Animals, and
the Association for Assessment and Accreditation of Laboratory Animal Care
International. For surface flow cytometry of mouse bone marrow and spleen, cells were

washed in phosphate-buffered saline (PBS) plus 1% BSA and stained with monoclonal
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antibodies in PBS plus 1% BSA for 20 minutes on ice. Antibodies used were CD11b
(PECy7), Grl (APCCy7), CD71 (PE), and Terl119 (PECy7; all from BD Pharmingen).
Files were analyzed in FlowJo (TreeStar). Bone marrow was harvested from the femurs
of C57/Black/6 mice transplanted with NRasG12D in combination with a MIGR1 EV or
ASXL1 shRNA after sacrifice1x10* whole bone marrow cells were plated in duplicate in
methylcellulose with complete cytokine mix (MethoCult GF M3434; StemCell
Technologies). Colonies were scored at 14 days after seeding and followed by flow
cytometric analysis of the population of cells plated in methylcellulose. Cytospins were
made from 10-30,000 mouse bone marrow cells collected from liquid culture using a
Cytospin 4 slide centrifuge (Thermo). Cells were then stained with Wright-Giemsa stain.
Digital images were acquired using a Nikon Eclipse E400 microscope equipped with a

digital camera and analyzed using Spot Advanced software.

Protein half-life and proteasome-mediated degradation of H2K119Ub studies and

densitometry

HEK-293T cells were transfected with cDNA constructs and then treated with 100ug/mL
cycloheximide (Sigma-Aldrich). Cells were harvested at 0 and 4 hours and prepped for
Western blots, as previously described (see above). For proteasome inhibitor studies,
SET2 cells were pretreated with 5 uM MG-132 (EMD Chemicals) or DMSO for 2 hours
(as previously described (141) followed by harvesting of cells for histone extraction and
subsequent Western blotting using anti-total H2A and anti-H2AK119Ub antibodies.
Western blots were scanned using Adobe Photoshop CS4 11.0.1, and quantitative
densitometry was analyzed using ImageJ (http://rsbweb.nih.gov/ij/). Quantitative
densitometry was expressed as the proportion of the protein of interest relative to
loading control or input (as specified in the accompanying Figure Legend and/or

manuscript text).
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Statistical Analysis

Statistical significance was determined by Mann-Whitney U test and Fisher’s exact test
using Prism GraphPad software; Significance of survival differences was calculated
using Log-rank (Mantel-Cox) test. p < 0.05 was considered statistically significant.
Normalized expression data from CD34+ cord blood was used as a Gene Set
Enrichment Analysis query of the C2 database (MSig DB) where 1,000 permutations of
the genes was used to generate a null distribution. A pre-ranked gene list, containing
genes up-regulated at least log® 0.5-fold where the highest ranked genes corresponds to
the genes, with the largest fold-difference between AsxI1 hairpin treated UKEL1 cells and

those treated with empty vector was used to query the C2 MSig DB as described above.

RESULTS

ASXL1 Mutations Result in Loss of ASXL1 Expression

ASXL1 mutations in patients with myeloproliferative neoplasms, myelodysplastic
syndrome, and acute myeloid leukemia most commonly occur as somatic nonsense
mutations and insertion/deletion mutations in a clustered region adjacent to the highly
conserved PHD domain. To assess whether these mutations result in loss of ASXL1
protein expression or in expression of a truncated isoform, we performed western blots
using N- and C-terminal anti-ASXL1 antibodies in a panel of human myeloid leukemia
cell lines and primary acute myeloid leukemia samples, which are wild-type or mutant
for ASXL1. We found that myeloid leukemia cells with homozygous frameshift/nonsense
mutations in ASXL1 (NOMO1 and KBM5) have no detectable ASXL1 protein expression
(Figure 2.1A). Similarly, leukemia cells with heterozygous ASXL1 mutations have

reduced or absent ASXL1 protein expression. Western blot analysis of ASXL1 using an
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N-terminal anti-ASXL1 antibody in primary acute myeloid leukemia samples wild-type
and mutant for ASXL1 revealed reduced/absent full-length ASXL1 expression in
samples with ASXL1 mutations compared to ASXL1 wild-type samples (Figure 2.2A).

Importantly, we did not identify truncated ASXL1 protein products in mutant samples
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Figure 2.1. Leukemogenic ASXL1 Mutations Are Loss-of-Function Mutations and
ASXL1 Loss is Associated with Upregulation of HOXA Gene Expression. (A)
Characterization of ASXL1 expression in leukemia cells with nonsense mutations in
ASXL1 reveals loss of ASXL1 expression at the protein level in cells with homozygous
ASXL1 mutations as shown by western blotting using N- and C-terminal anti-ASXL1
antibodies. (B) Displayed are the ASXL1-mutant cell line lines NOMO1 (homozygous
ASXL1 R639X), K562 (heterozygous ASXL1 Y591Y/X), and KBM5 (homozygous ASXL1
G710X) and a panel of ASXL1-wild-type cell lines. ASXL1 siRNA in human primary
CD34+ cells form cord blood results in upregulation of HOXA5 and HOXA9 with ASXL1
knockdown (KD) as revealed by quantitative real-time PCR (qRT-PCR) analysis. (C and
D) Stable KD of ASXL1 in ASXL1-wild-type transformed human myeloid leukemia UKE1
cells (as shown by western blot) followed by GSEA reveals significant enrichment of
gene sets characterized by upregulation of 50 HOXA genes (C) as was confirmed by
gRT-PCR (D). Statistical significance is indicated in (D) by the p value and false-
discovery rate (FDR). Similar upregulation of HOXA9 is seen by the western blot
following stable ASXL1 KD in the ASXL1-wild-type human leukemia SET2 cells. Error
bars represent standard deviation of expression relative to control.
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Figure 2.2. Leukemogenic ASXL1 mutations are loss-of-function mutations and
ASXL1 loss is associated with upregulation of HOXA gene expression. Minimal
ASXL1 protein expression in mononuclear cell lysates from primary AML samples from
patients with ASXL1 mutations compared to those which are ASXL1 wildtype. (A). Use
of an N-terminal anti-ASXL1 antibody failed to detect a truncated form of ASXL1 in full-
length Western blot confirming loss of ASXL1 protein expression with ASXL1 mutations.
Transfection of HEK293T cells with wildtype ASXL1 cDNA or ASXL1 cDNAs bearing
ASXL1 mutations (ASXL1 591X and ASXL1 710X) followed by treatment with DMSO or
cycloheximide (100ug/mL) reveals a larger time-dependent decrease in ASXL1 protein
expression in cells bearing mutant forms of ASXL1 cDNA compared with wildtype forms
(B). Western blotting was performed after 4 hours of DMSO or cycloheximide exposure
using an N-terminal anti-ASXL1 antibody. Loss of ASXL1 in primary CD34+ cells from
cord blood revealed a significant enrichment of genes seen with MLL-AF9 and NUP98-
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HOXA9 overexpression as seen by Gene Set Enrichment Analysis (GSEA) (C).
Statistical significance is indicated by the p-value and false-discovery rate (FDR). Stable
shRNA-mediated knockdown of ASXL1 in the human myeloid leulemia cell line SET2
followed by direct quantitative mRNA measurement of HOXA genes expression by
Nanostring reveals significant upregulation of multiple HOXA genes including HOXAS5, 7,
9, and HOXA10 (D). Error bars represent standard deviation of mRNA quantity relative
to control. Asterisks indicate p<0.05.

using N- or C-terminal directed antibodies in primary acute myeloid leukemia samples or
leukemia cell lines. Moreover, expression of wild-type ASXL1 cDNA or cDNA constructs
bearing leukemia-associated mutant forms of ASXL1 revealed reduced stability of
mutant forms of ASXL1 relative to wild-type ASXL1, with more rapid degradation of
mutant ASXL1 isoforms following cycloheximide exposure (Figure 2.2B). These data

are consistent with ASXL1 functioning as a tumor suppressor with loss of ASXL1 protein

expression in leukemia cells with mutant ASXL1 alleles.

ASXL1 Knockdown in Hematopoietic Cells Results in Upregulated HOXA Gene
Expression

Given that ASXL1 mutations result in loss of ASXL1 expression, we investigated the
effects of ASXL1 knockdown in primary hematopoietic cells. We used a pool of small
interfering RNAs (siRNA) to perform knockdown of ASXL1 in primary human CD34+
cells isolated from umbilical cord blood. ASXL1 knockdown was performed in triplicate
and confirmed by gRT-PCR analysis (Figure 2.1B), followed by gene-expression
microarray analysis. Gene-set enrichment analysis (GSEA) of this microarray data
revealed a significant enrichment of genes found in a previously described gene
expression signature of leukemic cells from bone marrow of MLL-AF9 knock-in mice
(142), as well as highly significant enrichment of a gene signature found in primary
human cord blood CD34+ cells expressing NUP98-HOXA9 (Figure 2.2C) (143).

Specifically, we found that ASXL1 knockdown in human primary CD34+ cells resulted in

47



increased expression of 145 genes out of the 279 genes, which are overexpressed in
the MLL-AF9 gene expression signature (p < 0.05, FDR < 0.05). These gene expression
signatures are characterized by increased expression of posterior HOXA cluster genes,
including HOXA5-9.

In order to ascertain whether loss of ASXL1 was associated with similar transcriptional
effects in leukemia cells, we performed short hairpin RNA (shRNA)-mediated stable
knockdown of ASXL1 in the ASXL1-wild-type human leukemia cell lines UKE1 (Figure
2.1C,D) and SET2 (Figure 2.1D) followed by microarray and gRT-PCR analysis. Gene
expression analysis in UKE-1 cells expressing ASXL1 shRNA compared to control cells
revealed significant enrichment of the same HOXA gene expression signatures as were
seen with ASXL1 knockdown in CD34+ cells (Figure 2.1C). Upregulation of
5" HOXA genes was confirmed by gRT-PCR in UKE1 (Figure 2.1D) cells and by western
blot analysis (Figure 2.1D) in SET2 cells expressing ASXL1 shRNA compared to
control. Quantitative mMRNA profiling (Nanostring nCounter) of the entire HOXA cluster
revealed upregulation of multiple HOXA members, including HOXA5, 7, 9, and 10, in
SET2 cells with ASXL1 knockdown compared to control cells (Figure 2.2D). These
results indicate consistent upregulation of HOXA gene expression following ASXL1 loss

in multiple hematopoietic contexts.

ASXL1 Forms a Complex with BAP1 in Leukemia Cells, but BAP1 Loss Does Not
Upregulate HoxA Gene Expression in Hematopoietic Cells

Mammalian ASXL1 forms a protein complex in vitro with the chromatin deubiquitinase
BAP1, which removes monoubiquitin from histone H2A at lysine 119 (H2AK119) (22). In
Drosophila loss of either Asx or Calypso resulted in similar effects on genome-wide
H2AK119 ubiquitin levels and on target gene expression. Recent studies have revealed

recurrent germline and somatic loss-of-function BAP1 mutations in mesothelioma and
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uveal melanoma (58, 61, 63). However, we have only identified rare BAP1 mutations in
patients with myeloproliferative neoplasms or acute myeloid leukemia (76). Co-
immunopreciptation studies revealed an association between ASXL1 and BAP1 in
human myeloid leukemia cells wild-type for ASXL1 but not in those cells mutant
for ASXL1 due to reduced/absent ASXL1 expression (Figure 2.3A). Immunoprecipitation
of FLAG-tagged wild-type ASXL1 and FLAG-tagged leukemia-associated mutant forms
of ASXL1 revealed reduced interaction between mutant forms of ASXL1 and
endogenous BAP1 (Figure 2.4A). Despite these findings, BAP1 knockdown did not
result in upregulation of HOXA5 and HOXA9 in UKE1 cells, although a similar extent of
ASXL1 knockdown in the same cells reproducibly
increased HOXAS and HOXA9 expression (Figure 2.3B). We obtained similar results
with knockdown of Asxl1l or Bapl in the Ba/F3 murine hematopoietic cell line (Figure
2.3C). In Ba/F3 cells, knockdown of Asxllresulted in upregulated Hoxa9 gene
expression commensurate with the level of Asxl1 downregulation, whereas knockdown
of Bapl does not impact Hoxa expression (Figure 2.3C). ASXL1 knockdown in SET-2
cells failed to reveal an effect of ASXL1 loss on H2AK119Ub levels as assessed by
western blot of purified histones from shRNA control and ASXL1 knockdown cells
(Figure 2.4B). By contrast, SET2 cells treated with MG132 (25 yM) had a marked
decrease in H2AK119Ub, as has been previously described (141). These data suggest
that ASXL1 loss contributes to myeloid transformation through a BAP1-independent
mechanism.

Loss of ASXL1 Is Associated with Global Loss of H3K27me3

The results described above led us to hypothesize that ASXL1 loss leads to BAP1-
independent effects on chromatin state and on target gene expression. To assess the
genome-wide effects of ASXL1 loss on chromatin state, we performed chromatin

immunoprecipitation followed by next generation sequencing (ChlP-seq) for histone
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modifications known to be associated with PcG [histone H3 lysine 27 trimethylation

(H3K27me3)] or TxG activity [histone H3 lysine 4 trimethylation (H3K4me3)] in UKE1
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Figure 2.3. ASXL1 and BAP1 Physically Interact in Human Hematopoietic Cells but
BAP1 Loss Does Not Result in Increased HoxA Gene Expression. (A)
Immunoprecipitation of BAP1 in a panel of ASXL1-wild-type and mutant human myeloid
leukemia cells reveals co-association of ASXL1 and BAP1. (B) Cells with heterozygous
or homozygous mutations in ASXL1 with reduced or absent ASXL1 expression have
minimal interaction with BAP1 in vitro. BAP1 knockdown in the ASXL1/BAP1 wild-type
human leukemia cell line UKEL1 fails to alter HOXA gene expression. In contrast, stable
knockdown of ASXL1 in the same cell type results in a significant upregulation of
HOXA9. (C) Similar results are seen with knockdown of Asxl1 or Bapl in murine
precursor-B lymphoid Ba/F3 cells. Error bars represent standard deviation of expression
relative to control.
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Figure 2.4. Leukemia-associated mutations in ASXL1 affect ASXL1 binding to
BAP1 but loss of ASXL1 has minimal global effects on H2AK119 ubiquitin
(H2AK119Ub) in myeloid leukemia cells. Immunoprecipitation of FLAG-tagged empty
vector, ASXL1 wildtype or 2 mutant forms of ASXL1 (ASXL1 629X, ASXL1 936X) in
HEK293T cells followed by Western blotting using an anti-BAP1 antibody reveals
specific binding of ASXL1 to endogenous BAP1l and decreased ASXL1 pulldown of
endogenous BAP1 by mutant forms of ASXL1 (A). Protein quantitative densitometry is
also shown displaying the proportion of immunoprecipitated BAP1 relative to input
ASXL1. Western blotting of H2AK119Ub and total H2A in purified histones from SET2
cells treated with sShRNA control or one of 2 shRNAs against ASXL1 fails to reveal global
alterations in H2AK119Ub levels with ASXL1 knockdown (B). As a control to indicate the
ability to detect alterations in global H2AK119Ub levels, Western blotting of histones
from SET2 cells treated with DMSO or MG132 (25uM) is shown revealing a decrease in
H2AK119Ub in blots performed with anti-H2AK119Ub and anti-total H2A antibodies.
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cells expressing empty vector or two independent validated shRNAs for ASXL1. ChiP-
Seq data analysis revealed a significant reduction in genome-wide H3K27me3
transcriptional start site occupancy with ASXL1 knockdown compared to empty vector
(p = 2.2 x 107*; Figure 2.5A). Approximately 20% of genes (n = 4,686) were initially
marked by H3K27me3 in their promoter regions (defined as 1.5 kb downstream and 0.5
kb upstream of the transcriptional start site). Among these genes, ~27% had a 2-fold
reduction in H3K27me3 (n = 1,309) and ~66% had a 1.5-fold reduction in H3K27me3
(n = 3,092), respectively, upon ASXL1 knockdown. No significant effect was seen on
H3K4me3 transcriptional start site occupancy with ASXL1 depletion (Figure 2.5A). We
next evaluated whether loss of ASXL1 might be associated with loss of H3K27me
globally by performing western blot analysis on purified histones from UKE1l cells
transduced with empty vector or shRNAs for ASXL1 knockdown. This analysis revealed
a significant decrease in global H3K27me3 with ASXL1 loss (Figure 2.5B), despite
preserved expression of the core polycomb repressive complex 2 (PRC2) members
EZH2, SUZ12, and EED. Similar effects on total H3K27me3 levels were seen following
AsxI1 knockdown in Ba/F3 cells (Figure 2.6A). These results demonstrate that ASXL1
depletion leads to a marked reduction in genome-wide H3K27me3 in hematopoietic

cells.

Detailed analysis of ChlP-seq data revealed that genomic regions marked by large
H3K27me3 domains in control cells displayed more profound loss of H3K27me3 upon
loss of ASXL1. Genome-wide analysis of the ChIP-Seq data from control and ASXL1
shRNA treated cells revealed that the sites that lose H3K27me3 in the ASXL1
knockdown cells were on average ~6.6 kb in length, while the sites that maintained
H3K27me3 were on average ~3.1 kb in length (p < 107°) (Figure 2.6B). This is visually

illustrated by the reduction in H3K27me3 at the posterior HOXA cluster (Figure 2.5C)
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Figure 2.5. ASXL1 Loss Is Associated with Loss of H3K27me3 and with Increased
Expression of Genes Poised for Transcription. (A) ASXL1 loss is associated with a
significant genome-wide decrease in H3K27me3 as illustrated by box plot showing the
25th, 50th, and 75th percentiles for H3K27me3 and H3K4me3 enrichment at
transcription start sites in UKEL cells treated with an empty vector or shRNAs directed
against ASXL1. The whiskers indicate the most extreme data point less than 1.5
interquartile range from box and the red bar represents the median. (B) Loss of ASXL1
is associated with a global loss of H3K27me3 without affecting PRC2 component
expression as shown by western blot of purified histones from cells with UKE1
knockdown and western blot for core PRC2 component in whole cell lysates from ASXL1

knockdown UKE1 cells.
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Figure 2.6. ASXL1 loss is associated with significant loss of global H3K27me3 in
hematopoietic cells. Global loss of H3K27me3 following ASXL1 loss in murine
precursor-B lymphoid Ba/F3 cells as shown by Western blot of purified histones (A). The
association of ASXL1 loss with loss in H3K27me3 is most evident at genes normally
marked by wide-regions of H3K27me3 occupancy as illustrated by box-and-whisker
plots showing the length of the regions of DNA where H3K27me3 is lost following ASLX1
knockdown compared with the regions of DNA where H3K27me3 is maintained (B). The
boxes represent the 25™ and 75" quartiles, whiskers indicate most extreme data point
less than 1.5 interquartile range from box and red bar represents the median. Additional
examples of genes where H3K27me3 is decreased with ASXL1 loss are shown in (C).
Examples of genes where H3K27me3 abundance is unchanged despite loss of ASXL1
are also shown (D).
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and at the HOXB and HOXC loci (Figure 2.6C). The association of ASXL1 loss with loss
of H3K27me3 abundance at the HOXAlocus was confirmed by ChIP for H3K27me3 in
control and ASXL1 knockdown cells followed by gqPCR (ChIP-gPCR) across
the HOXA locus (Figure 2.5D). ChIP-gPCR in control and knockdown cells revealed a
modest increase in H2AK119Ub with ASXL1 loss at the HOXA locus (Figure 2.5D), in
contrast to the more significant reduction in H3K27me3. In contrast to the large decrease
in H3K27me3 levels at the HOXA locus with ASXL1 knockdown, a subset of loci had
much less significant reduction in H3K27me3, in particular at loci whose promoters were
marked by sharp peaks of H3K27me3 (Figure 2.6D). Intersection of gene expression
and ChlP-Seq data revealed that genes overexpressed in ASXL1 knockdown cells were
simultaneously marked with both activating (H3K4me3) and repressive (H3K27me3)
domains in control cells (Figure 2.5E,F). This finding suggests that the transcriptional
repression mediated by ASXL1 in myeloid cells is most apparent at loci poised for
transcription with bivalent chromatin domains. Indeed, the effects of ASXL1 loss on
H3K27me3 occupancy were most apparent at genes whose promoters were marked by
the dual presence of H3K27me3 and H3K4me3 (Figure 2.5F). We cannot exclude the
possibility that H3K4me3 and H3K27me3 exist in different populations within the
homogeneous cell lines being studied, but the chromatin and gene expression data are
consistent with an effect of ASXL1 loss on loci with bivalent chromatin domains (138,

139).

Enforced Expression of ASXL1 in Leukemic Cells Results in Suppression
of HOXA Gene Expression, a Global Increase in H3K27me3, and Growth
Suppression

We next investigated whether reintroduction of wild-type ASXL1 protein could restore

H3K27me3 levels inASXL1 mutant leukemia cells. We stably expressed wild-type
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ASXL1 in NOMO1 and KBM5 cells, homozygous ASXL1 mutant human leukemia cell
lines, which do not express ASXL1 protein (Figure 2.7A and Figure 2.8A). ASXL1
expression resulted in a global increase in H3K27me3 as assessed by histone western
blot analysis (Figure 2.7A). Liquid chromotography/mass spectrometry of purified
histones in NOMO1 cells expressing ASXL1 confiimed a ~2.5-fold increase in
trimethylated H3K27 peptide and significant increases in dimethylated H3K27 in NOMO1
cells expressing ASXL1 compared to empty vector control (Figure 2.7B). ASXL1 add-
back resulted in growth suppression (Figure 2.7C) and in decreased HOXA gene
expression in NOMO1 cells (Figure 2.7D). ASXL1 add-back similarly resulted in
decreased expression of HOXA target genes in KBM5 cells (Figures 2.8A,B). ChiP-
gPCR revealed a strong enrichment in ASXL1 binding at the HOXA locus in NOMO1
cells expressing ASXL1, demonstrating that the HOXA locus is a direct target of ASXL1

in hematopoietic cells (Figure 2.7E).

ASXL1 Loss Leads to Exclusion of H3K27me3 and EZH2 from the HoxA Cluster
Consistent with a Direct Effect of ASXL1 on PRC2 Recruitment

We next investigated whether the effects of ASXL1 loss on H3K27me3 was due to
inhibition of PRC2 recruitment to specific target loci. ChIP-gPCR for H3K27me3 in SET2
cells with ASXL1 knockdown or control revealed a loss of H3K27me3 enrichment at the
posterior HoxA locus with ASXL1 knockdown (Figure 2.9A,B). We observed a
modest, variable  increase in  H3K4me3 enrichment at the HOXA locus
with ASXL1 depletion in SET2 cells (Figure 2.9C). We similarly assessed H3K27me3
enrichment in primary bone marrow leukemic cells from acute myeloid leukemia
patients, wild-type and mutant for ASXL1, which likewise revealed decreased

H3K27me3 enrichment across the HOXA cluster in primary acute myeloid leukemia
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Figure 2.7. Expression of ASXL1 in ASXL1-Null Leukemic Cells Results in Global
Increase in H3K27me2/3, Growth Suppression, and Suppression of HoxA Gene
Expression. (A and B) ASXL1 expression in ASXL1 null NOMO1 cells is associated
with a global increase in H3K27me3 as detected by western blot of purified histones (A)
as well as by quantitative liquid-chromatography/mass spectrometry of H3 peptides from
amino acids 18-40 (B) (arrows indicate quantification of H3K27me1/2/3). (C) ASXL1
overexpression results in growth suppression in 7-day growth assay performed in
triplicate. (D) Overexpression of ASXL1 was associated with a decrement in posterior
HoxA gene expression in NOMO1 cells as shown by gRT-PCR for HOXAS5, 6, 7, and 9.
(E) This downregulation in HOXA gene expression was concomitant with a strong
enrichment of ASXL1 at the loci of these genes as shown by chromatin
immunoprecipitation of ASXL1 followed by quantitative PCR with BCRRP1 as a control
locus. Error bars represent standard deviation of target gene expression relative to
control.
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Figure 2.8. Reintroduction of ASXL1 in ASXL1-null leukemic cells results in a
global increase in H3K27me3 and downregulation of HOXA gene expression.
Murine Asxll cDNA (mASXL1) or an empty vector (EV) was expressed in human
leukemia KBMS5 cells, null for ASXL1 (A). ASXL1 expression in KBM5 cells is associated
with a strong downregulation of HoxA gene expression as shown by gRT-PCR for
HOXAb5-13 (B). Error bars represent standard deviation of mRNA expression relative to
control. Asterisks indicate p<0.05 (two-tailed, Mann Whitney U test).
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samples with ASXL1 mutations compared to ASXL1-wild-type acute myeloid leukemia

samples (Figure 2.9D).

Given the consistent effects of ASXL1 depletion on H3K27me3 abundance at
the HOXA locus, we then evaluated the occupancy of EZH2, a core PRC2 member, at
the HoxA locus. ChIP-Seq for H3K27me3 in native SET2 and UKEL cells identified that
H3K27me3 is present with a dome-like enrichment pattern at the 5 end of the
posterior HOXA cluster (Figure 2.9A); ChIP-gPCR revealed that EZH2 is prominently
enriched in this same region in parental SET2 cells (Figure 2.9E). Importantly, ASXL1
depletion resulted in loss of EZH2 enrichment at the HOXA locus (Figure 2.9E),
suggesting that ASXL1 is required for EZH2 occupancy and for PRC2-mediated

repression of the posterior HOXA locus.

ASXL1 Physically Interacts with Members of the PRC2 in Human Myeloid
Leukemic Cells

Given that ASXL1 localizes to PRC2 target loci and ASXL1 depletion leads to loss of
PRC2 occupancy and H3K27me2, we investigated whether ASXL1 might physically
interact with the PRC2 complex in hematopoietic cells. Co-immunoprecipitation studies
using an anti-FLAG antibody in HEK293T cells expressing empty vector, hASXL1-FLAG
alone, or hASXL1-FLAG plus hEZH2 cDNA revealed a clear co-immunoprecipitation of
FLAG-ASXL1 with endogenous EZH2 and with ectopically expressed EZH2 (Figure
2.10A). Similarly, co-immuniprecipitation of FLAG-ASXL1 revealed physical association
between ASXL1 and endogenous SUZ12 in 293T cells (Figure 2.10A).
Immunoprecipitations were performed in the presence of benzonase to ensure that the
protein-protein interactions observed were DNA-independent (Figure 2.10B) (135). We

then assessed whether endogenous ASXL1 formed a complex with PRC2 members in
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Figure 2.9. ASXL1 Loss Is Associated with Loss of PRC2 Recruitment at the HOXA
Locus. (A) Chromatin-immunoprecipitation (ChIP) for H3K27me3 and H3K4me3
followed by next-generation sequencing reveals the abundance and localization of
H3K27me3 and H3K4me3 at the HoxA locus in SET2 cells. (B and C) ChIP for
H3K27me3 (B) and H3K4me3 (C) followed by quantitative PCR (qPCR) across the 50
HOXA locus in SET2 cells treated with an empty vector or stable knockdown of ASXL1
reveals a consistent downregulation of H3K27me3 across the 50 HOXA locus following
ASXL1 loss and a modest increase in H3K4me3 at the promoters of 50 HOXA genes
with ASXL1 loss [primer locations are shown in (A)]. (D) Similar ChIP for H3K27me3
followed by gPCR across the HOXA locus in primary leukemic blasts from two patients
with ASXL1 mutations versus two without ASXL1 mutations reveals H3K27me3 loss
across the HOXA locus in ASXL1 mutant cells. (E) ChIP for EZH2 followed by qPCR at
the 50 end of HOXA locus in SET2 cells reveals loss of EZH2 enrichment with ASXL1
loss in SET2 cells. CHIPgPCR was performed in biologic duplicates and ChlIP-gPCR
data is displayed as enrichment relative to input. qPCR at the gene body of RRP1, a
region devoid of H3K4me3 or H3K27me3, is utilized as a control locus. The error bars
represent standard deviation.
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Figure 2.10. ASXL1 Interacts with the PRC2 in Hematopoietic Cells. (A) Physical
interaction between ASXL1 and EZH2 is demonstrated by transient transfection of
HEK293T cells with FLAG-hASXL1 cDNA with or without hEZH2 cDNA followed by
immunoprecipitation (IP) of FLAG epitope and western blotting for EZH2 and ASXL1. (B)
HEK293T cells were transiently transfected with FLAG-hASXL1 cDNA followed by IP of
FLAG epitope and western blotting for SUZ12 and ASXL1. Endogenous interaction of
ASXL1 with PRC2 members was also demonstrated by IP of endogenous EZH2 and
ASXL1 followed by western blotting of the other proteins in whole cell lysates from SET2
cells. (C) Lysates from the experiment shown in (B) were treated with benzonase to
ensure nucleic acid free conditions in the lysates prior to IP as shown by ethidium
bromide staining of an agarose gel before and after benzonase treatment. IP of
endogenous EZH2 and embryonic ectoderm development (EED) in a panel of ASXL1-
wild-type and mutant human leukemia cells reveals a specific interaction between
ASXL1 and PRC2 members in ASXL1-wildype human myeloid leukemia cells. In
contrast, IP of the PRC1 member BMI1 failed to pull down ASXL1.
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hematopoietic cells. We performed IP for EZH2 or ASXL1 followed by western blotting
for partner proteins in SET2 and UKE1 cells, which are wild-type for ASXL1, SUZ12,
EZH2, and EED. These co-immunoprecipitation assays all revealed a physical
association between ASXL1 and EZH2 in SET2 (Figure 2.10B) and UKEL1 cells (Figure
2.11). By contrast, immunoprecipitation of endogenous ASXL1 did not reveal evidence
of protein-protein interactions between ASXL1 and BMI1 (Figure 2.11). Likewise,
immunoprecipitation of BMI1 enriched for PRC1 member RING1A, but failed to enrich
for ASXL1, suggesting a lack of interaction between ASXL1 and the PRC1 repressive

complex (Figure 2.10C).

ASXL1 Loss Collaborates with NRasG12D In Vivo

We and others previously reported that ASXL1 mutations are most common in chronic
myelomonocytic leukemia and frequently co-occur with N/K-Ras mutations in chronic
myelomonocytic leukemia (33). We therefore investigated the effects of
combined NRasG12D expression and Asxll loss invivo. To do this, we
expressed NRasG12D in combination with an empty vector expressing GFP alone or
one of two different Asxll shRNA constructs in whole bone marrow cells and
transplanted these cells into lethally irradiated recipient mice. We validated our ability to
effectively knock down ASXL1 invivo by performing gRT-PCR in hematopoietic cells
from recipient mice (Figure 2.12A and 2.13A). Consistent with our invitro data
implicating the HoxA cluster as an ASXL1 target locus, we noted a marked increase
in HoxA9 and HoxA10 expression in bone marrow nucleated cells from mice
expressing NRasG12D in  combination with Asxll shRNA compared to mice

expressing NRasG12D alone (Figure 2.12B).
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Figure 2.11. ASXL1 physically interacts with the Polycomb Repressive Complex 2
(PRC2), but not the PRC1, in human myeloid leukemia cells. Endogenous interaction
of ASXL1 and PRC2 members was demonstrated by immunoprecipitation (IP) of
endogenous EZH2 and ASXL1 followed by Western blotting of the other proteins in
whole cell lysates from UKEL cells. IP of ASXL1 did not reveal pulldown of BMI1 in

UKEL1 cells however.
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Figure 2.12. Asxl1l Silencing Cooperates with NRasG12D In Vivo. (A) Retroviral
bone marrow transplantation of NRasG12D with or without an shRNA for AsxI1 resulted
in decreased Asxll mRNA expression as shown by gRT-PCR results in nucleated
peripheral blood cells from transplanted mice at 14 days following transplant. (B) qRT-
PCR revealed an increased expression of HOXA9 and HOXA10 but not MEIS1 in the
bone marrow of mice sacrificed 19 days following transplantation. (C) Transplantation of
bone marrow cells bearing overexpression of NRasG12D in combination with
downregulation of Asxll led to a significant hastening of death compared to mice
transplanted with NRasG12D/EV. (D-F) Mice transplanted with NRasG12D/ASXL1
shRNA experienced increased splenomegaly (D) and hepatomegaly (E), and
progressive anemia (F) compared with mice transplanted with NRasG12D + an empty
vector (EV). (G) Bone marrow cells from mice with combined NRasG12D
overexpression/Asxll knockdown revealed increased serial replating compared with
cells from NRasG12D/EV mice. Error bars represent standard deviation relative to
control. Asterisk indicates p < 0.05 (two-tailed, Mann Whitney U test).
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compared with mice transplanted with NRasG12D + EV. Histological and morphological

analysis of tissues 19 days following transplant with NRasG12D plus EV or Asxl1 shRNA

reveals increased monocytes and neutrophils in the blood, bone marrow, and liver of

mice with Asxll loss in combination of NRasG12D overexpression (D). Scale bars

represent a size of 100 [IM in all ph
where they represent a size of 200 L IM. Flow cyt
from mice sacrificed 19 days following transplant reveals a significant increase in
CD71/Ter1l19 double-positive cells (E) and Macl/Grl double-positive cells (F) in
NRasG12D/AsxI1 shRNA transplanted mice compared with NRasG12D/EV mice. Error

bars represent standard deviation relative to control. Asterisk indicates p<0.05 (two-

tailed, Mann Whitney U test).
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Expression of oncogenic NRasG12D and an empty shRNA vector control led to a
progressive myeloproliferative disorder as previously described (144). In contrast,
expression ofNRasG12D in combination with validated mASXL1 knockdown vectors
resulted in accelerated myeloproliferation and impaired survival compared with mice
transplanted with NRasG12D/EV (median survival 0.8 month for ASXL1 shRNA versus
3 months for control shRNA vector: p < 0.005; Figure 2.12C) We also noted impaired
survival with an independent mASXL1 shRNA construct (p < 0.01; Figure 2.13B). Mice
transplanted  with NRasG12D/Asxl1 shRNA had increased splenomegaly and
hepatomegaly compared with NRasG12D/EV transplanted mice (Figure 2.12D,E and
Figure 2.13C). Histological analysis revealed a significant increase in myeloid infiltration
of the spleen and livers of mice transplanted withNRasG12D/AsxI1 shRNA (Figure

2.13D).

Mice transplanted with NRasG12D/AsxI1 shRNA, but not NRasG12D/EV, experienced
progressive, severe anemia (Figure 2.12F). It has previously been identified that
expression of oncogenic K/N-Ras in multiple models of human/murine hematopoietic
systems results in alterations in the erythroid compartment ((145-147). We noted an
expansion of CD71""/Ter119"9" erythroblasts in the bone marrow of mice transplanted
with NRasG12D/Asxl1 shRNA compared with NRasG12D/EV mice (Figure 2.13E). We
also noted increased granulocytic expansion in mice engrafted
with NRasG12D/AsxI1 shRNA positive cells, as shown by the presence of increased
neutrophils in the peripheral blood (Figure 2.13D) and the expansion of Grl/Macl

double-positive cells in the bone marrow by flow cytometry (Figure 2.13F).

Previous studies have shown that hematopoietic cells from mice expressing

oncogenic Ras alleles or other mutations that activate kinase signaling pathways do not
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exhibit increased self-renewal in colony replating assays (144, 148). This is in contrast to
the immortalization of hematopoietic cells in vitro seen with expression of MLL-AF9 (149)
or deletion of Tet2 ((150). Bone marrow cells from mice with combined overexpression
of NRasG12D plus Asxl1l knockdown had increased serial replating (to five passages)
compared to bone marrow cells from mice engrafted with NRasG12D/EV cells (Figure
2.12G). These studies demonstrate that Asxll loss cooperates with

oncogenic NRasG12D in vivo.

JAK2V617F and ASXL1 loss collaborate in myeloproliferative neoplasms

A series of studies have shown that JAK2V617F activating mutations co-occur with
ASXL1 and co-occurrence of these mutations predicts for poor patient prognosis and
poor response to JAK2 inhibitor therapy (2). JAK2 is a non-receptor tyrosine kinase that
is frequently mutated in myeloproliferative neoplasms leading to activation of
downstream STAT signaling. JAK2 has been shown to regulate chromatin by
phosphorylating the histone H3 at tyrosine 41 (48). To model the co-mutation of
JAK2V617F and AsxIl loss, we crossed a Jak2V617F Kl mouse (151) with a conditional
Asxl1l KO mouse (47). We found that deletion of one or two copies of Asxl1 in mice
expressing the Jak2V617F allele resulted in decreased survival (Figure 2.14A).
Interestingly, heterozygous deletion of AsxI1 in Jak2V617F KI cells conferred a stem cell
advantage while homozygous deletion does not. These data suggest that deletion of one
or two copies of ASXL1 may result in different mechanisms of disease transformation.
We next examined H3Y41 levels in JAK2V617F mutant leukemia cell lines with and
without ASXL1 shRNA knockdown. Knockdown of ASXL1 resulted in increased H3Y41
phosphorylation (Figure 2.15A). Treatment of JAK2V617F cell lines with a JAK2
inhibitor resulted in decreased expression of the downstream target gene LMOZ2.

However, knockdown of ASXL1 reversed this effect (Figure 2.15B). Future work is
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required to determine the mechanism by which JAK2V617F and ASXL1 collaborate to

modulate gene expression and chromatin.

DISCUSSION

The data presented here identify that ASXL1 loss in hematopoietic cells results in
reduced H3K27me3 occupancy through inhibition of PRC2 recruitment to specific
oncogenic target loci (Figure 2.16). Recent studies have demonstrated that genetic
alterations in the PRC2 complex occur in a spectrum of human malignancies (152-154).
Activating mutations and overexpression of EZH2 occur most commonly in epithelial
malignancies and in lymphoid malignancies (8, 105). However, there are increasing
genetic data implicating mutations that impair PRC2 function in the pathogenesis of
myeloid malignancies. These include the loss-of-function mutations in EZH2 (33, 108,
109) and less common somatic loss-of-function mutations in SUZ12, EED,
and JARID2 (155) in patients with myeloproliferative neoplasms, myelodysplastic
syndrome, and chronic myelomonocytic leukemia. The data from genetically-engineered
mice also support this concept with Ezh2 overexpression models, revealing evidence of
promotion of malignant transformation (113), and recent studies demonstrate a role for
Ezh2 loss in leukemogenesis (117). Thus, it appears that alterations in normal PRC2
activity and/or H3K27me3 abundance in either direction may promote malignant
transformation. Our data implicate ASXL1 mutations as an additional genetic alteration
that leads to impaired PRC2 function in patients with myeloid malignancies. In many
cases, patients present with concomitant heterozygous mutations in multiple PRC2
members or in EZH2 and ASXL1; these data suggest that haploinsufficiency for multiple
genes that regulate PRC2 function can cooperate in hematopoietic transformation

through additive alterations in PRC2 function.
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Many studies have investigated how mammalian PcG proteins are recruited to chromatin
in order to repress gene transcription and specify cell fate in different tissue contexts.
Recent in silico analysis suggested that ASXL proteins found in animals contain a
number of domains that likely serve in the recruitment of chromatin modulators and
transcriptional  effectors to DNA (21). Data from ChIP and co-
immunoprecipitation experiments presented here suggest a specific role for ASXL1 in
epigenetic regulation of gene expression by facilitating PRC2-mediated transcriptional
repression of known leukemic oncogenes. Thus, ASXL1 may serve as a scaffold for
recruitment of the PRC2 complex to specific loci in hematopoietic cells, as has been

demonstrated for JARID2 in embryonic stem cells (5, 86, 156, 157).

Recent data suggested that ASXL1 might interact with BAP1 to form a H2AK119
deubiquitanase (22). However, our data suggest that ASXL1 loss leads to BAP1-
independent alterations in chromatin state and gene expression in hematopoietic cells.
These data are consonant with recent genetic studies, which have shown that germline
loss of BAP1 increases susceptibility to uveal melanoma and mesothelioma (55, 58). In
contrast, germline loss of ASXL1 is seen in the developmental disorder Bohring-Opitz
Syndrome (32), but has not, to date, been observed as a germline solid tumor
susceptibility locus. Whether alterations in H2AK119 deubiquitanase function due to
alterations in BAP1 and/or ASXL1 can contribute to leukemogenesis or to the
pathogenesis of other malignancies remains to be determined.

Integration of gene expression and chromatin state data following ASXL1 loss identified
specific loci with a known role in leukemogenesis that are altered in the setting
of ASXL1 mutations. These include the posterior HOXA cluster, including HOXA9, which
has a known role in hematopoietic transformation. We demonstrate that ASXL1 normally

serves to tightly regulate HOXA gene expression in hematopoietic cells, and that loss of
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ASXL1 leads to disordered HOXA gene expression in vitro and in vivo. Overexpression
of 5' HOXA genes is a well-described oncogenic event in hematopoietic malignancies
(158) and previous studies have shown that HOXA9 overexpression leads to
transformation invitro and invivo when co-expressed with MEIS1 (159).
Interestingly, ASXL1 loss was not associated with an increase in MEIS1 expression,
suggesting that transformation by ASXL1 mutations requires the co-occurrence of
oncogenic disease alleles which dysregulate additional target loci. These data and our
in vivo studies suggest that ASXL1 loss, in combination with co-occurring oncogenes,
can lead to hematopoietic transformation and increased self-renewal. Further studies in
mice expressing ASXL1 shRNA or with conditional deletion of AsxI1 alone and in concert
with leukemogeneic disease alleles will provide additional insight into the role of ASXL1

loss in hematopoietic stem/progenitor function and in leukemogenesis.

Given that somatic mutations in chromatin modifying enzymes (160), DNA
methyltransferases (161), and other genes implicated in epigenetic regulation occur
commonly in human cancers, it will be important to use epigenomic platforms to
elucidate how these disease alleles contribute to oncogenesis in different contexts. The
data here demonstrate how integrated epigenetic and functional studies can be used to
elucidate the function of somatic mutations in epigenetic modifiers. In addition, it is likely
that many known oncogenes and tumor suppressors contribute, at least in part, to
transformation through direct or indirect alterations in the epigenetic state (48).
Subsequent epigenomic studies of human malignancies will likely uncover novel routes
to malignant transformation in different malignancies, and therapeutic strategies that
reverse epigenetic alterations may be of specific benefit in patients with mutations in

epigenetic modifiers.
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CHAPTER Il

Loss of BAPL1 function leads to EZH2-dependent transformation

SUMMARY
BAP1 and ASXL1 interact to form a polycomb deubiquitinase complex that can remove
monoubiquitin from histone H2A lysine 119 (H2AK119Ub). However, BAP1 and ASXL1
are mutated in distinct cancer types, consistent with independent roles in regulating
epigenetic state and in malignant transformation. Here we demonstrate that Bapl loss
results in increased trimethylated histone H3 lysine 27 (H3K27me3), elevated Ezh2
expression, and enhanced repression of Polycomb Repressive Complex 2 (PRC2)
targets. These findings are in contrast to the reduction in H3K27me3 seen with AsxIl
loss. Conditional deletion of Bapl and Ezh2 in vivo abrogates the myeloid progenitor
expansion induced by Bapl loss alone. Loss of Bapl results in a marked decrease in
H4K20 monomethylation (H4K20mel). Consistent with a role for H4K20mel in EZH2
transcriptional regulation, expression of SETD8, the H4K20mel methyltransferase,
reduces EZH2 expression and abrogates the proliferation of BAP1-mutant cells. Further,
mesothelioma cells that lack BAP1 are sensitive to EZH2 pharmacologic inhibition,

suggesting a novel therapeutic approach for BAP1-mutant malignancies.

INTRODUCTION

Genomic studies of cancer have identified somatic alterations in epigenetic modifying

proteins across a wide spectrum of human malignancies. These include mutations in

genes that encode proteins regulating DNA methylation and histone post-translational

modifications. The identification of activating EZH2 mutations in lymphoid malignancies
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(8, 162, 163) and neomorphic mutations in IDH1/2 (164, 165) has led to the?
development of epigenetic therapies that specifically target malignant cells with aberrant
epigenetic states. Despite these important advances, most mutations in epigenetic
regulators result in loss-of-function effects, such that they function as tumor suppressors
and do not present themselves as tractable direct therapeutic targets. These include
inactivating mutations in TET2 and DNMT3A in hematologic malignancies (161, 166,
167) and loss-of-function mutations in histone methyltransferases and in chromatin
remodeling proteins in a wide range of human cancers (168). As such, there is a need to
better understand how these mutations contribute to malignant transformation, and to
identify therapeutic liabilities in cancer cells with inactivating mutations in epigenetic
regulators. Among the most common epigenetic regulatory complexes targeted by
somatic mutations in human cancers is the BAP1-ASXL1 protein complex. In Drosophila,
Asx and Calypso form the PR-DUB (Polycomb-Repressive Deubiquitinase) complex,
which removes the repressive H2AK119-Ub mark placed by polycomb repressive
complex 1 (PRC1) (22). In mammalian cells, the Asx homolog ASXL1 (Addition of sex
combs-like 1) interacts with the Calypso homolog BAP1 (BRCA-1 associated protein 1)
(76, 169). In vitro studies have demonstrated that the BAP1/ASXL1 complex can remove
H2AK119-Ub from histone H2A (22). However, the role of the PR-DUB complex in
regulating gene expression in mammalian cells and in malignant transformation has not

been elucidated.

Genetic and functional data suggest that ASXL1 and BAP1 have distinct roles in
regulating epigenetic state independent from the PR-DUB complex. Mutations in ASXL1
and BAP1 contribute to distinct types of malignancies. Somatic inactivating mutations in

ASXL1 are most common in myeloid malignancies (33, 34, 36). By contrast, somatic

bThe work described in this chapter is under review at Nature Medicine.
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BAP1 mutations are frequently observed in mesothelioma (23% of patients) and renal
cell carcinoma (15% of patients) (61, 63, 65), and are specifically associated with
metastasis in uveal melanoma (84% of metastatic tumors) (61). We recently identified
that ASXL1 interacts with members of the Polycomb Repressive Complex 2 (PRC2), a
complex that contains EZH2, the catalytic member that places the repressive H3K27me3
mark on chromatin. Depletion of ASXL1 leads to a marked reduction in H3K27me3
levels and in increased expression of HOXA9 and of other PRC2 target genes (169). By
contrast, the ASXL1- independent mechanisms by which BAP1 regulates chromatin
state have not been delineated. Recent studies have shown that BAP1 loss can lead to
transformation. Specifically, somatic loss of BAP1 leads to myeloproliferation, and
transplantation studies demonstrated this phenotype is due to cell autonomous effects in
the hematopoietic compartment. In vivo proteomic studies demonstrated that Bapl
interacts with Asxl1l as well as known PR-DUB target substrates Hcf-1 and Ogt (76).
However, HCF-1 and OGT have not been shown to contribute to BAP1-mediated
transformation, and the BAP1-ASXL1 complex has not been shown to have a functional
role in BAP1l-deficient transformation in vivo. We therefore sought to identify the
mechanisms by which BAP1 loss leads to transformation in vivo, and to identify
therapeutic vulnerabilities in BAP1-mutant cells that can be translated to the clinical

setting.

MATERIALS AND METHODS

Animals
All animals were housed at Memorial Sloan Kettering Cancer Center. All animal
procedures were completed in accordance with the Guidelines for the Care and Use of

Laboratory Animals and were approved by the Institutional Animal Care and Use
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Committees at Memorial Sloan Kettering Cancer Center. The number of mice chosen in
each experiment was chosen to give 90% statistical power with a 5% error level given

the differences in standard deviation that was observed in the pilot study.

Generation of Bapl-deficient and Bap1/Ezh2-deficient mice

Embryonic stem cells targeting exons 6-12 of Bapl were obtained from the European
Conditional Mouse Consortium. A Frt-flanked premature stop cassette containing a lacZ
and neomycin cassette was inserted upstream (170). ES cell clones were expanded and
injected into primary blastocysts. Generated mice were crossed to the germline Flp-
deleter (The Jackson Laboratory) to excise the Frt-flanked cassette. These mice were
subsequently crossed to the IFN-a-inducible Mx1-cre transgenic mice (The Jackson
Laboratory) to assess the effects of inducible loss of Bapl in the hematopoietic system.
Bapl fl/fl, Bapl fl/+, and Bapl+/+ littermate mice were genotyped by PCR with the
primers BAP1-up (actgcagcaatgtggatctg), BAP1-down (gaaaaggtctgacccagatca) using
the following parameters: 95°C for 10min, followed by 40 cycles of 94°C for 10s, 65°C
for 40s, and 72°C for 1min, and then 72°C for 5min. The WT allele was detected at 300
bp while the floxed allele was detected at 500 bp PCR. Excision after IFN-a-induction
was confirmed by a PCR with primers to detect the floxed and excised band: BAP1-F
(actgcagcaatgtggatctg), BAP1-F2 (gcgcaacgcaattaatgata), and BAP1-R

(cagtgtccagaatggctcaa), using the same PCR parameters listed above.

Mx1-Cre-Bapl f/f mice were crossed to Ezh2 f/f mice (116). Mx-cre Baplf/f conditional
and Baplf/f control mice received four intraperitoneal injections of polyl:polyC of 200 uL
of a 1 mg/mL solution. Two weeks after excision, peripheral blood was collected via
cheek bleeding using heparinized microhematocrit capillary tubes (Thermo Fisher

Scientific). Excision was confirmed and peripheral blood counts were obtained using a
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HemaVet according to standard manufacturer’'s instruction. Formalin-fixed paraffin-
embedded tissue sections were stained with hematoxylin and eosin (H&E). Deletion of
Bapl was confirmed by genomic excision PCR and Western blot analysis. Tails were
submitted to the Transnetyx genotyping service (Cordova, TN) for gPCR-based
genotyping for floxed and excised Ezh2 alleles. Excision was confirmed by Western blot.

Animals were not excluded from genetic experiments.

Xenografts and in vivo EPZ011989 administration

Groups of 10 week old NOD-SCID mice were injected subcutaneously in the flank
with 6—10x10° mesothelioma cell lines (MSTO-211H, Mes010, H226 and H2452) in a 1:1
mixture of matrigel and media. When tumors reached a size of approximately 60-80mm?,
we began treatment with either vehicle (0.5% NaCMC+0.1% Tween-80 in water) or
EPZ011989. Either EPZ011989 or vehicle were given orally BID at a concentration of
500 mg/kg for the duration of the experiment. Tumor volumes were assessed in three
dimensions using a caliper. Tumors or lung tissue were extracted following treatment
and utilized for Western blotting to assess target inhibition. We pre-established criteria to
exclude mice in xenograft experiments if tumors did not form after implantation (75%
smaller than the mean of the implanted animals from the same group. Animals were not
excluded from drug trials. For all xenograft drug studies, tumor size was followed for 10
days and mice were randomized at this point for tumor size. The genetic Bapl KO
EPZ011989 trial was conducted with randomization utilizing CBC analysis 3 weeks after
polyl:polyC and confirming that WBC count averages were equivalent in both vehicle
and treated groups. Five animals per group were treated orally with either vehicle
(described above) or 500 mg/kg EPZ011989 BID for 16 days. Researchers were not

blinded in these experiments.
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Histological analyses

Mice were sacrificed and autopsied, and then dissected tissue samples were fixed for 24
hours in 4% paraformaldehyde, dehydrated, and embedded in paraffin. Paraffin blocks
were sectioned at 4 um and stained with H&E. Images were acquired using an Axio

Observer Al microscope (Carl Zeiss).

Cell culture

293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and nonessential amino acids. Human leukemia cell
lines (SET2) and human mesothelioma cell lines (Met5a, MSTO-211H, Meso010, H2373,
H226, H2452) were cultured in RPMI-1640 medium supplemented with 10% FBS.
MSTO-211H was obtained from ATCC while Mesol0 was a generous gift from David
Scheinberg and the remaining mesothelioma lines were generous gifts from Prasad

Adusumilli.

RNA isolation, SMARTer amplification, Proton Transcriptome sequencing and
analysis

Bone marrow cells were FACS sorted for GMPs (Linc-Kit'Scal CD34 Fcy") using the
FACS Aria. Total RNA from 200-500K cells was extracted using TRIzol RNA Isolation
Reagents (cat# 15596-026, Life Technologies). Quality of RNA was ensured before
amplification by analyzing 20-50 pg of each sample using the RNA 6000 pico kit and a
bioAnalyzer (Agilent). 10 ng of high quality (RIN>8) total RNA was subsequently
amplified using the SMARTer® Universal Low Input RNA Kit for Sequencing (Clonetech
Laboratory, cat# 634940) according to instructions provided by the manufacturer.
Amplified material underwent whole transcriptome Library preparation according to the

lon Total RNA-Seq Kit v2 protocol (Life Technologies), with 16 cycles of PCR. Samples
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were barcoded and template-positive lon PI™ lon Sphere™ Particles (ISPs) were
prepared using the ion one touch system Il and lon PI™ Template OT2 200kit v2 Kit
(Life Technologies). Enriched particles were sequenced on a Proton sequencing system
using 200 bp version 2 chemistry. An average of 70 to 80 million reads per sample were

generated and 76 to 82% of the reads mapped to mRNA bases.

RAW output BAMs were converted back to FASTQ using PICARD SamZ2Fastq. The
reads are first mapped to the mouse genome using rnaStar. The genome used was
MM9 with junctions from ENSEMBL (Mus_musculus.NCBIM37.67) and a read overhang
of 49. Then any unmapped reads were mapped to MM9 using BWA MEM (version
0.7.5a). The two mapped BAMs were then merged and sorted and gene level counts
were computed using htseg-count (options -s y -m intersection-strict) and the same gene
models (Mus_musculus.NCBIM37.67). Raw data was uploaded to the GEO database

with the following accession number: GSE61360.

Analyses of TCGA data in AML and mesothelioma

Average gene expression from TCGA AML patients was expressed as mathematical
mean and standard error of normalized read counts as provided by DESeq2 (171). For
TCGA mesothelioma patients, these same values were calculated from normalized read
counts as provided by TCGA as level 3 data. To compare EZH2 expression of
mesothelioma tumors to normal lung tissue (172), GSE51024 was analyzed using
Geo2R, which makes use of the Limma Bioconductor R package. Normalized
expression values for EZH2 were extracted from this analysis, and used to generate the
boxplots provided. Log, Fold Change, nominal p-value, and Benjamini-Hochberg FDR

were calculated by Geo2R/Limma.
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Histone extraction, histone ELISAS, histone Western blots, and histone LC/MS

Histones were extracted by standard extraction techniques or overnight using the Active
Motif Histone Extraction Minikit (40026). Histone ELISAs were conducted using the
trimethyl K27 Elisa Kit (Active Motif, 53106) normalized to a H3K27me3 standard curve
and total H3 protein. Histone Western blots were conducted with 3-5 ug of histones. For
Histone LC/MS, 12 million control and Bapl KO cells were lysed, nuclei were isolated
and histones were extracted using 0.4N H,SO, and chemically derivatized using
propionic anhydride, as previously described (173). Histones were then digested with
trypsin and separated by nano-liquid chromatography (75 um i.d., 15 cm long, packed
with MagicC18aq media, d, 3 p) coupled to a TSQ Quantum Ultra mass spectrometer.
Data were analyzed with Skyline (174) and relative quantification was performed by

peak area.

Chromatin preparation and immunoprecipitation, ChIP Library preparation and
sequencing, and analysis of ChlP-Seq data

Bone marrow cells were enriched for c-Kit" cells (or sorted for GMPs) using the EasySep
Mouse Hematopoietic cell Enrichment Kit (Stem Cell Technologies, 19756). 5x10° cells
were fixed in a 1% methanol-free formaldehyde solution and then resuspended in SDS
lysis buffer. Lysates were sonicated in an E220 focused-ultrasonicator (Covaris) to a
desired fragment size distribution of 100-500 base pairs. IP reactions were performed
using anti-trimethyl H3K27 (abcam, 6002), anti-monomethyl H4K20 (Abcam, 9051), and
IgG (Santa Cruz, 2027) each on approximately 400,000 cells as previously described
(175). ChIP assays were processed on an SX-8G IP-STAR Compact Automated System
(Diagenode) using a Direct ChlP protocol as described elsewhere (176). Eluted
chromatin fragments were then de-crosslinked and the DNA fragments purified using

Agencourt AMPure XP beads (Beckman Coulter).
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Barcoded libraries were prepared from the ChiIP-enriched and input DNA using a
NEBNext ChlP-Seq Library Prep Master Mix Set for lllumina (New England Biolabs) and
TruSeq Adaptors (lllumina) according to manufacturer’s instructions on an SX-8G IP-
STAR Compact Automated System (Diagenode). Phusion High-Fidelity DNA
Polymerase (New England Biolabs) and TruSeq PCR Primers (lllumina) were used to
amplify the libraries, which were then purified to remove adaptor dimers using AMPure

XP beads and multiplexed on the HiSeq 2000 (lllumina).

Reads were quality and adapter-trimmed using ‘trim_galore’ before aligning to mouse
assembly mm9 with bowtie2 using the default parameters. Aligned reads with the same
start position and orientation were collapsed to a single read before subsequent
analysis. Density profiles were created by extending each read to the average library
fragment size and then computing density using the BEDTools suite. Enriched regions
were discovered using MACS 1.4 with default parameters, and scored against matched
input libraries. All genome browser tracks and read density tables were normalized to
sequencing depth. For comparison of ChlP-seq samples in control and KO conditions,
the signals of three replicates per condition were tested using either the Mann-Whitney
U test or the t-test. Cluster analysis was performed on normalized count data in Matlab
with the kmeans clustering package. Motif analysis was performed in Homer using

default parameters for the findMotifsGenome program.

Western blot and immunoprecipitation
Cells were lysed for Western blot and immunoprecipitation experiments in the following
buffer: 150 mM NaCl, 20 mM Tris (pH 7.4), 5 mM EDTA, 1% Triton, protease arrest

(EMD) and phosphatase inhibitors (Calbiochem). To perform immunoprecipitations in the
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presence of benzonase, cells were lysed in the BC-300 buffer: 20 mM Tris (pH 7.4), 10%
glycerol, 300 mM KCI, 0.1% NP-40. The cleared lysate was treated with MgCl, to 2.5
mM and benzonase was added at 1250 U/mL. The lysate was incubated for 1 hour with
rotation and the reaction was terminated by adding 5 mM EDTA. DNA digestion was
confirmed by running lysate on an ethidium bromide gel before setting up the
immunoprecipitation experiment. Antibodies used included: BAP1 (C-4; Santa Cruz sc-
28383), EZH2 (Active Motif, 39933, Active Motif, 39901, or Millipore, 07-689), SUZ12
(Abcam, Ab12073), ASXL1l (N-13; Santa Cruz sc-85283), L3MBTL2 (Active Motif,
39569), Myc-Tag (Cell Signaling, 2276), SETD8 (ab3798), Tubulin (Sigma, T9026),
H3K27me3 (Abcam, 6002 or Millipore, 07-449), H3 (Abcam, Ab1791), and H4K20mel

(Abcam, Ab9051).

Flow cytometry analyses and antibodies

Surface marker staining of live bone marrow was conducted by first lysing cells with
ammonium chloride-potassium bicarbonate lysis buffer and washing cells with
phosphate-buffered saline (PBS). Cells were stained with antibodies in PBS for 20
minutes on ice. For hematopoietic stem and progenitor staining, cells were stained with
a lineage cocktail including CD4 (RM4-5), CD3 (17A2), B220 (RA3-6B2), NK1.1
(PK136), Gr-1 (RB6-8C5), Cd1l1lb (M1/70), and Terl119, allowing for mature lineage
exclusion from the analysis. Cells were also stained with antibodies against c-Kit (2B8),
Sca-1 (D7), FcyRIlII (2.4G2), and CD34 (RAM34). To assess the composition of the
mature mononuclear cells we used Macl, Gr-1, B220, and CD4/CD3. Cell cycle analysis
was conducted by staining cells with the hematopoietic stem and progenitor mix
described above. Cells were fixed using the FIX and PERM kit (Invitrogen cat# GAS-

003). Cells were stained with Ki67 after fixation and then stained with DAPI before
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analysis on the LSR Fortessa. Sorting was conducted by staining as described in text
and above and utilization of a FACSAria sorter.

Plasmids

The cDNA full-length clone of human FLAG-L3MBTL2 was obtained from Addgene
(Plasmid 28232). The Myc-His tagged ubiquitin construct was a generous gift from
Xuejun Jiang. The cDNA human full-length clone of HA-FLAG BAP1 was obtained from
Addgene (Plasmid 22539). The 3X FLAG-tagged BAP1 construct was a generous gift
from Marc Ladanyi. Deubiquitinase mutant constructs (C91A, C91S) were generated
using Agilent site-directed mutagenesis kits and confirmed by full-length DNA
sequencing. Short-hairpin RNAs were obtained from the RNAi Consortium (TRC) in a
pLKO.1 puromycin vector. Sequences for the short-hairpins were as follows: human
BAP1 (TRC Oligo IDs: TRCNO0000078702 and TRCNO0000078698), mouse BAP1
(TRCN0000030719 and TRCN0000030720), human L3MBTL2 (TRCN0000021724 and
TRCNO0000021726) and a control pLKO.1-puromycin vector encoding an shRNA for
luciferase (shLUC). The EZH2 overexpression construct was a generous gift from the
Omar Abdel-Wahab lab. The SETD8 overexpression construct was a generous gift from

Minkui Luo.

Ubiquitin assays

HEK293T cells were seeded in a 10-cm dish and 24 hours later were transduced with 4
Mg of a Myc-His-Ubi expression construct and control, 1 ug L3MBTL2 and/or 1-10 pg
BAP1-GFP overexpression constructs. Forty-eight hours after the transfection, cells
were lysed in a Guanidine HCI based lysis buffer: 6 M guanidine, 0.1 M NaH,PO, 10 mM
Tris, pH 8.0, and 10 mM BME. His-Ubi proteins were purified by incubation by 20 uL of
Ni-NTA agarose (Qiagen) for 4 hours at room temperature. Beads were washed

sequentially with 1 mL of 4 wash buffers: buffer A 6 M guanidine, 0.1 M NaH,PO,, 10
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mM Tris, pH 8.0, 10 mM BME, and 0.2% Triton-X, buffer B 8 M urea, 0.1 M NaH,PO,, 10
mM Tris, pH 8.0, 10 mM BME, and 0.2% Triton-X, buffer C 0.1 M NaH,PO,, 10 mM Tris,
pH 6.3, 10 mM BME, and 0.2% Triton-X, and buffer D 0.1 M NaH,PO,4, 10 mM Tris, pH
6.3, 10 mM BME, and 0.1% Triton-X. All buffers were supplemented with 15 mM
imidazole. His-tagged proteins were purified from the beads by boiling with 2x SDS
Laemmli buffer supplemented with imidazole. Proteins were then analyzed by Western

blot.

In vitro colony forming assays

Cells were sorted for Linc-Kit'Scal® cells using the FACSAria. 100 cells were plated in
duplicate in methylcellulose (MethoCult GF M3434, Stem Cell Technologies). Colonies
were counted 14 days after plating and colonies were collected by washing with PBS.

Cells were then lysed for RNA and histone extraction.

Transient Transfection
293T cells were transfected with indicated constructs with X-treme gene transfection

reagent (Roche). Protein and/or histones were extracted 48-72 hours after transfection.

Invasion Assays

Mesothelioma cells (MSTO-211H, H2373, H226 and H2452) were seeded in T75 flasks
(100,000 cells). 12 hours later the plated cells were treated with GSK126 (0-2 uM)
(Chemitek) and then left to proliferate for 7 days. 250,000 treated cells were then placed
on the top of a Matrigel invasion chamber (BD Biosciences, cat no. 354480) in serum
free media while the lower chamber contained media with serum. 22 hours later the cells
on the bottom of the membrane were stained with crystal violet and quantitated with

Imaged.
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Luciferase Assays

293T cells were transiently transfected with the pGL3 EZH2 promoter reporter construct
(generous gift from Naomi Goldfinger) and a Switchgear Renilla control construct in
addition to EV, BAP1, and L3MBTL2 constructs. Cells were assessed for luciferase
activity using the Dual Luciferase Reporter Assay System (Promega). Cells were
seeded in 24 well plates and were cotransfected with 200 ng pGL3-EZH2-Luciferase,
200 ng of the Renilla luciferase control construct, and 500 ng of experimental constructs.
Cells were incubated 48 hours after the transfection, lysed for 15 minutes at room
temperature and luciferase activity was assessed on a luminometer. The Firefly

luciferase readings were normalized to the Renilla transfection control.

Cell Titer Glo Viability Assays

Adherent mesothelioma cell lines were plated in 96 well dishes at about 100 cells per
well to allow space for cells to proliferate. Cells were plated and given one day to adhere
(an initial day one reading was taken at this time). ATP luminescence readings were
taking at times specified in the manuscript. For assays in which we assessed response

to EPZ001989, drug was added on day one and then replenished every four days.

Apoptosis Assays

For apoptosis analysis, 1x10° cells were stained using the Annexin V-FITC apoptosis
detection kit (BD) according to the manufacturer’'s recommendations. DAP1 was used as
a counterstain in these experiments and heat-shock controls were used as positive

controls.

3D Growth Assays

88



To perform 3D assays in these cell lines, we utilized the technique using poly-HEMA as
published for mesothelioma cell lines (177). We prepared plates and spheroids as
described with cells that had been pre-treated for 4 days with 500 nM EPZ011989. 5

days post-treatment we assessed viability with Cell Titer Glo assays.

Statistical Analyses

The Student t-test was used to analyze statistical significance unless described in the
text. Normality tests were used to test the assumption of a normal distribution. Prizm
GraphPad Software was used for statistical calculations. Error was calculated using

SEM, *p<0.05, **p<0.005.

Replicates

c-Kit enrichment ChlP-Seq experiments were conducted with four biological replicates,
with two replicates combined for sequencing. GMP ChlIP-Seq experiments were
conducted with three replicates for each group. c-Kit and GMP RNA-Seq was conducted
with three biological replicates from each group. Histone mass spec experiments were
conducted with three biological and three technical replicates. Genetic phenotyping
experiments were replicated three times independently. Flow cytometric experiments
were replicated independently two-three times. Pilot studies were conducted with drug
studies and results were replicated in a larger study to achieve enough statistical power.
In vitro experiments were replicated two-three times, with viability experiments being

completed in triplicate.

RESULTS

Conditional deletion of Bapl in the hematopoietic compartment leads to myeloid
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progenitor proliferation

Genomic studies identified somatic mutations in the tumor suppressors ASXL1 and
BAP1 in different malignancies. Inactivating mutations in ASXL1 are most common in
myeloid malignancies (33, 34, 36), whereas recurrent BAP1 mutations are commonly
observed in mesothelioma (63), renal cell carcinoma (65), and metastatic uveal
melanoma (61). We sequenced 32 paired tumor and normal samples with de novo MDS.
In this cohort, we identified a frameshift mutation in BAP1 that resulted in premature
truncation in the UCH catalytic domain that was not present in the matched normal
sample (Figure 3.1). This patient was wild-type for all other known MDS mutations and
had a single del(20)(q11.2q13.3) cytogenetic abnormality. We also found that BAP1
expression was decreased overall in MDS patient samples (Figure 3.2). However, BAP1
mutations in hematopoietic malignancies have been found to be uncommon, unlike

ASXL1 mutations.

To assess whether tissue-specific expression explained these differential mutational
patterns, we analyzed the expression of BAP1 and ASXL1, in addition to the ASXL1
family members ASXL2 and ASXL3, in mesothelioma and AML TCGA datasets. We
found that BAP1 and ASXL1-2 in were expressed in both datasets, but not ASXL3. We
also assessed the expression of BAP1 and ASXL1-3 in murine sorted hematopoietic
stem and progenitor (HSPCs) in addition to more mature hematopoietic lineages, and
also noted expression of BAP1 and ASXL1-2, but not ASXL3. Therefore, these distinct
mutational profiles cannot be explained by differential tissue-specific BAP1 and ASXL1
expression (Figure 3.3A-C). We sought to identify mechanisms by which BAP1 loss
leads to transformation, independent of ASXL1, and to identify therapeutic vulnerabilities

in BAP1-mutant cancer cells.
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Figure 3.1. Identification of a frameshift mutation in a de novo MDS patient. Sanger
sequencing tracks depicting the mutation only in the tumor sample and not in matched
normal tissue. Reprinted by permission from Macmillan Publishers Ltd: NATURE

REVIEWS CANCER 12(9), copyright 2012.
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Figure 3.2. BAP1 expression is decreased in MDS patients samples, consistent
with the tumor suppressive function of BAP1. Reprinted by permission from
Macmillan Publishers Ltd: NATURE REVIEWS CANCER 12(9), copyright 2012.
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Figure 3.3. BAP1, ASXL1 and ASXL2 but not ASXL3 are expressed in AML and
mesothelioma samples, and in murine hematopoietic cells. (A) Average gene
expression of BAP1, ASXL1, ASXL2, and ASXL3 in TCGA AML (acute myeloid
leukemia) and (B) mesothelioma patients as expressed as a mathematical mean with
standard error of normalized read counts. (C) Bapl expression by qRT-PCR in purified
populations of hematopoietic cells in C57/B6H mice. LT-HSC, long term hematopoietic
stem cells (HSCs), (Lin'Sca-1"c-Kit"CD150"CD48"); ST-HSC, short term HSCs (Lin'Sca-
1%c-Kit'CD150°CD48"); MPP, mulitpotent progenitor, (Lin'Sca-1*c-Kit"CD150 CD48");
LSK, Lin'Sca-1'c-Kit"; MP, myeloid progentiors (Lin'Sca-1c-Kit"), GMP, Granulocyte
Macrophage Progenitors (Lin'Sca-1c-Kit® CD34'FcY™); CMP, Common Myeloid
Progenitors (Lin'Sca-1c-Kit* CD34*FcY™); MEP, Macrophage Erythroid Progenitors (Lin’
Sca-1c-Kit" CD34FcY’); MONO, monocytes (Macl1*Grl); PMN, (polymorphonuclear
neutrophil, Mac1*Gr1%); T cells, CD3"; and B cells, B220".
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Recent work using a Rosa-CreERT transgene to inducibly delete Bapl from somatic
tissues demonstrated that conditional loss of Bapl led to a myeloproliferative disease
phenotype in vivo (76). We investigated the impact of conditional Bapl deletion on gene
expression and chromatin state in hematopoietic cells. We generated mice expressing a
conditional Bap1 allele with loxP sites surrounding exons 6-12 utilizing targeted ES cells
obtained from the EUCOMM consortium (Figure 3.4A). Recombination was confirmed
using PCR and Southern blotting (Figure 3.4B). Homozygous floxed Bapl mice (Bapl
f/f) were then crossed to the IFNa (interferon alpha)-inducible Mx1-Cre transgenic mice,
allowing for disruption of the ubiquitin hydrolase domain and complete loss of Bapl
protein expression following Cre-mediated deletion (Figure 3.4B,C). Bapl was excised
in adult animals at six weeks of age by injection of polyl:polyC to trigger IFNa (Bapl-/-
referred to as Bapl KO mice hereafter; littermate Bapl f/f controls referred to as CON).
Similar to the phenotype observed with systemic, inducible Bapl loss, conditional
deletion of Bapl in the hematopoietic compartment led to a rapid, fully penetrant
myeloproliferative disease characterized by splenomegaly (Figure 3.5A), leukocytosis
(Figure 3.5B), and anemia (Figure 3.5C). The CBC indication of high white blood cell
counts and low hematocrit levels was validated with flow cytometry for Macl'Gr1*
(Figure 3.5D) and CD71'Ter119" (Figure 3.5E). Deletion of Bapl led to a marked
expansion of myeloid progenitors (Linc-Kit"'Scal) (Figure 3.5F) in the bone marrow,
most notably in the granulocyte macrophage progenitor population (GMPs) (Figure
3.6A,B). Of note, the expansion of myeloid progenitors was due to increased
proliferation and cell cycle progression, as Bapl-deficient myeloid progenitors were
characterized by a marked increase in the proportion of Ki67 positive cells and by an

increase in the proportion of myeloid progenitors in G1/G2 (Figure 3.6C).

Loss of Bapl leads to opposite transcriptional effects compared to loss of AsxI1
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Figure 3.4. Generation of a Bapl conditional knockout mouse. (A) Bapl targeting
scheme in murine embryonic stem cells obtained from the EUCOMM consortium. After
chimera generation, mice were crossed with transgenic FLPE mice to excise the
premature stop cassette. Mice were then crossed to Mx1-Cre transgenic mice.
Genotyping schemes confirming genotype and excision 4 weeks post-polylpolyC (plpC)
treatment. (B) Southern blot confirming recombination at 5’. (C) Representative spleen
images four weeks after conditional deletion of Bapl and verification of Bapl deletion by
Western blot of control (littermate Baplf/f mice, CON) and Bapl knockout (Mx1-Cre

Bap1lf/f mice, Bapl KO) bone marrow.
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Figure 3.5. Deletion of Bapl in hematopoietic cells results in a myeloproliferative
phenotype. (A) Spleen size in CON and Bapl KO animals (B) Enumeration of white
blood cells in peripheral blood in control and Bapl KO mice after treatment with (plpC) to
induce excision and (C) flow cytometric enumeration of myeloid cells (Mac1*Gr1"). (D)
Hematocrit percentages in peripheral blood and (E) flow cytometric enumeration of red
blood cell precursors (CD71"Ter119%) in control and Bapl KO mouse bone marrow after
plpC-induced excision. (F) Relative frequencies of control and Bapl KO bone marrow
myeloid progenitor populations (Linc-Kit'Scal). Cells were gated on live lineage-
negative populations.
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Figure 3.6. Myeloid progenitors are expanded and increasingly cycling in Bapl KO
cells. (A) Relative quantification of bone marrow myeloid progenitor cell populations
(GMP, CMP, MEP) in control and Bapl KO mice (B) Flow plots from example control
and bone marrow animals to demonstrate progenitor and GMP expansion (C) Flow

cytometric enumeration of cycling progenitor cells (Ki67/DAPI stain); for all experiments:
n=5 CON mice and n=8 Bapl KO mice.
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We next sought to investigate which transcriptional programs were altered in Bapl-
deficient purified myeloid populations. We performed mRNA sequencing (RNA-Seq) of
Bapl KO and littermate control GMPs (n=3 per group). RNA sequencing analysis
revealed the majority of differentially expressed genes in Bapl-deficient GMPs had

reduced expression (p-adj<0.001) (Figure 3.7A).

Although we observed significant global overlap between the set of differentially
expressed genes in Bapl and Asxll KO progenitors, in many cases we observed a
paradoxical inverse effect on gene expression (Figure 3.7B). We next performed gene
set enrichment analysis (GSEA) to identify target gene sets enriched in Bapl KO
myeloid progenitors. We compared gene sets enriched in Bapl KO myeloid progenitors
to those in Asxll KO myeloid progenitors to determine if these gene sets were
coordinately regulated by Bapl and AsxI1. We noted a significant number of gene sets
that were enriched both in Bapl-deficient cells and in Asxl1-deficient cells, but many of
these gene sets were inversely correlated (Figure 3.7C). ASXL1 silencing leads to
increased expression of HoxA cluster genes consistent with reduced PRC2 activity
(169). We observed increased expression of HoxA target gene sets in Asxll KO cells,
and reduced expression of HoxA target genes in Bapl deficient cells (Takeda Targets of
HOXA9 and HESS targets of HOXA9 and MEIS1) (Figure 3.8A) (143, 178). We
confirmed the inverse impact of Bapl loss on HoxA gene expression by real time
guantitative PCR (Figure 3.8B). These data suggested that loss of Asxl1 and Bapl can

have opposite effects on gene regulation.

We have previously shown ASXL1 directly interacts with the PRC2 complex, and that
loss of ASXL1 leads to global and site-specific reductions in H3K27me3. Given the

divergent effects of AsxI1 loss and Bapl loss on gene expression, we investigated the
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Figure 3.7. Loss of Bapl or Asxl1 have opposite effects on gene transcription. (A)
RNA-Seq data of differentially expressed genes in control versus Bapl KO mice
granulocyte-macrophage progenitors (GMPs; Linc-Kit'Scal CD34" Fcy™); cells analyzed
with DESeq2 (cutoff p-value p<0.05). Heatmap indicates genes increasing (red) and
decreasing (blue) in expression. (B) Venn diagrams comparing myeloid progenitor gene
expression in Bapl and Asxl1 KO mice, p<0.05; comparisons include gene overlap and
genes changing in the same direction. (C) Number of positively and negatively enriched
genesets from the Bapl KO and Asxll KO GSEA analysis hitting an FDR<0.25 (top).
Venn diagram depicting gene sets that are oppositely enriched in Bapl KO and AsxI1
KO myeloid progenitors by RNA-Seq (bottom).
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Figure 3.8. Hoxa gene expression is inversely altered by loss Bapl or Asxl1l. (A)
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impact of Bapl loss on PRC2 target gene expression. GSEA confirmed that Bapl loss
led to marked enrichment of Suz12 and Ezh2 siRNA gene signatures identified in human
embryonic fibroblasts, consistent with increased repression of PRC2 target genes with
Bapl deletion (PRC2_SUZ12 Helin p<0.018; PRC2_EZH2 Helin p<0.004) (Figure
3.9A) (179). We also noted an overlap between genes that were transcriptionally
silenced with Bapl loss and genes with increased expression in Eed (a core component
of the PRC2 complex)-deficient hematopoietic cells (p<0.024) (Figure 3.9B) (100).
These data demonstrate that PRC2 target genes characterized by increased

transcriptional repression in the setting of Bap1l loss.

Bapl loss leads to increases in global H3K27me3

ASXL1 directly interacts with the PRC2 complex and ASXL1 depletion reduces global
and site specific H3K27me3 (169). Given the divergent effects of Asxl1l and Bapl loss
on gene expression, we investigated the impact of Bapl deletion on H3K27me3.
H3K27me3 levels were increased in Bapl KO cells as assessed by Western blot
(Figure 3.10A) and histone ELISA (Figure 3.10B). To confirm that our findings were not
due to differences in cell type composition or due to antibody specificity, we performed
mass spectrometric analysis on histones extracted from c-Kit enriched control and Bapl
KO bone marrow cells. This revealed a significant increase in H3K27me2 and
H3K27me3 in Bapl-deficient cells compared to control, with a concomitant decrease in
unmodified and monomethylated H3K27 (Figure 3.10C). H3K27me3 chromatin
immunoprecipitation sequencing (ChlP-Seq) in c-Kit enriched CON and Bapl KO cells
revealed a global increase in Bapl KO mice (Figure 3.11A). We utilized a broad domain
peak caller to identify domains of H3K27me3 enrichment (114). H3K27me3 broad
domains were characterized as either called only in the control sample (CON only), only

in the Bapl KO samples (Bapl only), or in both groups (common loci). We found an
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Figure 3.11. ChIP-Seq analyses revealed increased H3K27me3 broad domains at
Polycomb targets in Bapl KO mice. (A) Box plot showing normalized H3K27me3
reads in c-Kit enriched bone marrow cells (n=2) (B) Number of H3K27me3 broad
domains that are called in the CON and Bapl KO samples. Venn diagram showing
unique and overlapping broad domain. (C) Plotting broad domain density as a function
of distance from an H3K27me3 domain that was called in both CON and Bapl KO
samples. (D) Percentage of H3K27me3-broad domains called in relation to gene
transcriptional start site (promoter, exon, intron, downstream (+/-2 kb), distal (2-5 kb),
and intergeneic (>50 kb)). (E) Local plot of H3K27me3 ChiP-seq at the HOXA locus.
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increased number of broad domains in the Bapl KO only groups and larger domains in
common loci marked with H3K27me3 (Figure 3.11A,B). Interestingly, we also found
increased H3K27me3 broad domain “spreading” into nearby loci (Figure 3.11C). This
H3K27me3 increase and spreading is well illustrated within the HoxA locus in Bapl KO
cells (Figure 3.11E). The sites marked with H3K27me3 in Bapl KO cells, primarily
occurred in gene promoter regions (Figure 3.11D) and genes with H3K27me3-occupied
promoters were enriched for enhanced repression (FDR<0.001) (Figure 3.12A). We
wanted to confirm that the differences in H3K27me3 were not due to differences in cell
type with the c-Kit enriched population. Therefore, we completed ChlP-Seq in sorted
GMP cells and found that H3K27me3 was also strikingly increased in the Bapl KO cells
compared to control (Figure 3.12B). Genes dysregulated by Bapl KO-associated
H3K27me3 and gene repression were implicated in EZH2-dependent regulation, lineage
commitment/differentiation and proliferation (Figure 3.12C). When comparing to RNA-
Seq profiles of normal HSPCs (180), we found that genes that were downregulated in
expression and marked by increased H3K27me3 after Bapl loss were associated with

important genes in progenitor populations (Figure 3.13).

We next sought to determine if perturbations of BAP1 in vitro would lead to similar
changes in H3K27me3. BAP1 silencing in the human leukemic SET2 cell line with two
independent shRNAs led to increased H3K27me3 as assessed by Western blot (Figure
3.14A). We next re-expressed human full-length BAP1 in murine Bapl-deficient cells in
vitro to assess the impact of BAP1 reintroduction on H3K27me3. Bapl-deficient cells
were characterized by a marked increase in H3K27me3, which was abrogated by re-
expression of BAP1 (Figure 3.14B). Changes in H3K27me3 expression were dependent
on the deubiquitinase domain as re-introduction of BAP1 but not the deubiquitinase

mutant BAP1 C91A resulted in a rescue of increased H3K27me3 levels (Figure 3.14C).
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Figure 3.12. Decreased gene expression corresponds to genes that are marked by
H3K27me3 in Bapl KO cells. (A) GSEA demonstrating gene expression correlations to
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of specified gene signatures to H3K27me3 bound genes and RNA-Seq. Statistics were
calculated with Student t-test.
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expansion that we see in the Bapl KO mouse model.
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Figure 3.14. In vitro BAP1 perturbations lead to changes in H3K27me3. (A) Western
blot of SET2 cells transduced with two independent BAP1 shRNAs revealing H3K27me3
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(B)

Methylcellulose assay with control and Bapl KO bone marrow cells. BAP1 cDNA
constructs were reintroduced into control and Bapl deleted cells. Histone ELISA assays
were performed for H3K27me3. Quantitative gPCR to assess expression of BAP1
construct. (C) Reintroduction of BAP1 and deubiquitinase mutant BAP1 C91A in Bapl-
deficient murine cells. Histone Western blots were performed for H3K27me3 and total
H3. Quantitative gPCR shows levels of construct expression.
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However, we were unable to express the BAP1 C91A to the same levels as BAP1,
which we believe are due to the stem cell defect in Bapl KO HSPCs. Likely
reintroduction of BAP1 results in a rescue of stem cell fithess. Taken together, these
data demonstrate that BAP1 loss leads to increased H3K27me3 and that these changes

in chromatin state contribute to altered gene expression in BAP1 deficient cells.

Generation of a Bap1/Asxl1 double knockout mouse

Based on the fact that mutations in Bapl and AsxI1 occur in different disease types, yet
are both expressed, and that there are opposing effects on transcription and chromatin,
we next asked whether the severe murine Bapl KO phenotype was independent of or
dominant to the Asxl1 KO phenotype. We crossed the Mx1-Cre Bapl KO mouse to the
previously published Asxll KO mouse (47). Successful generation of the Mx1-Cre
Bapl/Asxl1 double knockout mouse was confirmed with established PCR protocols.
Bapl and Asxll were excised in adult animals, in addition to appropriate single allele
controls, at six weeks of age by injection of polyl:polyC (Figure 3.15A). Four weeks after
polyl:polyC, the Bap1/AsxI1 double knockout mice had counts indistinguishable from the
Bapl KO mice. Flow cytometric analysis confirmed that myeloid skewing as evidenced
by increased myeloid progenitors cells (Figure 3.15B) and expanded mature myeloid
populations (Figure 3.15C). These data suggest that the Bapl KO phenotype is
dominant to the Asxll KO phenotypes. More detailed analyses of chromatin and

transcriptional effects are warranted to confirm this observation.

Genetic deletion or pharmacologic inhibition of Ezh2 rescues the Bapl KO
proliferative phenotype

Given the alterations in H3K27me3 and PRC2 target gene expression in Bapl-deficient
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Figure 3.15. Generation of a Bap1/Asxl1 double knockout mouse model. (A) The
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cells, we next investigated whether Bapl-deficient transformation could be rescued by
abrogation of PRC2-mediated gene repression. We crossed Bapl floxed mice to mice
bearing an Ezh2 floxed allele (116) and assessed the impact of Ezh2 deletion on the
myeloproliferative disease induced by Bapl loss. Excision was induced in Mx1-Cre
Bapl/Ezh2 compound knockout mice, as well as in single allele controls (Figure 3.16A).
All mice were assessed for evidence of disease 4 weeks after excision. Ezh2 and Bapl
deletion were confirmed by Western blot (Figure 3.16B). A marked reduction in
H3K27me3 in Bapl/Ezh2 compound knockout mice was observed compared to Bapl
KO mice alone (Figure 3.16C) consistent with abrogation of Ezh2-mediated H3K27me3.
Ezh2 loss reversed the splenomegaly observed with Bapl loss (Bapl KO avg.

541.6 mg, Bap1l/Ezh2 KO avg. 157.0 mg, p<0.005) (Figure 3.16D,E) and rescued the
leukocytosis (Bapl KO avg. 51 x 109 WBCs, Bapl/Ezh2 KO avg. 8 x 109 K/uL WBCs,
p<0.005) (Figure 3.17A) and anemia (Bapl KO avg. 28.2%, Bap1/Ezh2 KO avg. 46.0%,
p<0.005) (Figure 3.17B) observed with loss of Bapl in vivo. Histopathologic analysis
confirmed that concomitant Ezh2/Bap1l loss attenuated the Bapl-dependent expansion
of bone marrow myeloid cells, with reversal of the myeloid expansion observed with
Bapl deletion in vivo (Figure 3.17C). Flow cytometric analysis confirmed that Ezh2
deletion in Bapl-deficient cells abrogated Bapl-dependent myeloid progenitor
expansion (Lin-c-Kit+Scal-) (Bapl KO avg. 23.0%, Bap1/Ezh2 KO avg. 12.3%, p<0.05)
(Figure 3.17D) and attenuated the expansion of mature myeloid (Mac1+Grl+) cells
(Figure 3.17E). Cell cycle analysis demonstrated reduced proliferation of Bap1l/Ezh2
deficient myeloid progenitors, with a cell cycle distribution similar to control cells (Figure
3.17F). Moreover, the reduction in erythroid progenitors (CD71+Ter119+) observed with
Bapl loss was restored to normal levels by Ezh2 deletion (Figure 3.17G). These data
demonstrate that PRC2, and specifically Ezh2, is required for Bapl-deficient myeloid

transformation in vivo. Furthermore, assessment of the impact of Ezh2
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Figure 3.17. Loss of Bapl leads to leukocytosis and anemia. (A) Peripheral white
blood cell counts and (B) hematocrit percentages as quantified by CBCs. (C) Bone
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cytometric staining for erythroid cells in indicated genotypes (CD71, Terll9) and
guantification. (I-1V) are indicative of stages of erythroid differentiation with | being the
most immature and IV being the most mature. Quantitation of these phenotypes on the
right of the representative flow plots.
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haploinsufficiency on Bapl-deficient myeloproliferation revealed a partial rescue of
splenomegaly and blood counts (Figure 3.18), consistent with a dose-dependent

requirement for Ezh2 in Bapl-deficient transformation.

We next asked whether the rescue phenotype we observed was due to the catalytic
activity of Ezh2. Initially, we attempted to treat the Bapl KO mice with the Ezh2 inhibitor
GSK126 which is administered via intraperitoneal (IP) injection. Bapl KO mice have
severe thrombocytopenia and therefore have a decreased affinity for coagulation, which
does not allow for recovery from daily IP injection. We collaborated with Epizyme to
obtain an EZH2 inhibitor tool compound (EZP011989) that can be administered via oral
gauvage. We induced excision in a cohort of Bapl KO mice and randomized animals
based on blood counts. Vehicle or EZP011989 was given to animals BID at 500 mg/kg
for 16 days. Consistent with the genetic data, treatment of Bapl KO mice with the small
molecule inhibitor EPZ011989 (125) decreased H3K27me3, splenomegaly, and white
blood cell counts (Figure 3.19A-C). These data demonstrate that PRC2, and specifically

Ezh2 activity, is required for Bap1-deficient myeloid transformation.

Ezh2 is upregulated in Bapl KO mice

Given the increase in H3K27me3 in Bapl-deficient cells and the requirement for Ezh2 in
Bapl-deficient proliferation in vivo, we next sought to delineate the mechanism by which
Bapl deletion leads to dysregulation of the PRC2 complex. We previously demonstrated
that ASXL1 directly interacts with the PRC2 complex, and that ASXL1 loss led to
reduced PRC2 recruitment to target loci (169). Although we could detect interactions
between ASXL1 and BAP1 and between ASXL1 and EZH2, we did not detect any

interaction between BAP1 and EZH2 (Figure 3.20A). These data suggested that Bapl
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Figure 3.19. Bapl KO mice treated with EPZ0011989 had reduced splenomegaly
and white counts. (A) Western blot for H3K27me3 levels in mice (n=5/group) treated
with EPZ011989 twice a day at 500 mg/kg for 16 days. (B) Spleen weights and (C) white
blood cell counts after treatment. Unless otherwise indicated, n=5/CON, n=5/Ezh2 KO,
n=8/Bapl KO, and n=11/ Bap1l/Ezh2 KO, Statistics were calculated with Student t-test;
*p<0.05, **p<0.005; + SEM values reported.
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Figure 3.20. BAP1 depletion leads to an increase in PRC2 component expression.
(A) Co-immunoprecipitation of endogenous EZH2 and BAP1 in SET2 cells followed by
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119



loss affected PRC2 function through a mechanism distinct from direct physical
interaction with the PRC2 complex. We next investigated whether expression of PRC2
members was increased in Bapl-deficient cells. Real-time PCR analysis demonstrated
that mRNA expression of Ezh2 and Suzl12 levels were increased approximately two- to
three-fold in Bapl-deficient GMPs and mature myeloid cells (Figure 3.20B). Consistent
with the mRNA data, we observed a significant increase in EZH2 and SUZ12 protein
expression in Bapl KO bone marrow cells (Figure 3.20C). Moreover, re-expression of
BAP1 in Bapl KO bone marrow cells restored Ezh2 mRNA expression to normal levels
(Figure 3.20D). These data suggest that Bapl regulates Ezh2/Suz12 transcription and

that Bapl loss leads to overexpression of both PRC2 core components.

BAP1 loss leads to increased H4K20mel and decreased dependency on SETDS8

We next investigated the mechanism by which BAP1 regulates PRC2 complex
expression and H3K27me3. We hypothesized that BAP1 loss might directly alter other
chromatin marks, which would then lead to changes in chromatin state at key target loci,
including EZH2. Histone mass spectrometry in c-Kit enriched cells revealed a marked
decrease in H4K20mel in Bapl KO cells (Figure 3.21A) compared to other measured
histone marks (Figure 3.21B). Expression of BAP1, but not ASXL1 or BMI1, increased
H4K20mel at the EZH2 locus (Figure 3.22). We therefore hypothesized that loss of the
H4K20mel mark may have an important role in BAP1-dependent gene expression.
SETD8 is the only known methyltransferase that places H4K20me1l (181). Expression of
SETD8 in BAP1l-mutant mesothelioma cells (H226, H2452) increased apoptosis and
reduced proliferation, whereas wild-type (MSTO-211H and Meso0l0) cells were
unaffected (Figure 3.23A,B). SETD8 overexpression in mesothelioma cells decreased

EZH2 mRNA and protein expression (Figure 3.23C,D). BAP1 wild-type cell lines were
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Figure 3.21. H4K20mel is decreased in Bapl KO mice. (A) Histone mass
spectrometry in control and Bapl KO animals c-kit enriched bone marrow cells, n=2 for
H4K20mel and (B) all other analyzed marks.
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Figure 3.22. H4K20me1l is increased at the EZH2 locus with BAP1 overexpression.
H4K20mel ChIP-gPCR experiments in 293T cells that overexpress FLAG-tagged BAP1,
ASXL1 and Bmil.
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Figure 3.23. Overexpression and inhibition of SETD8 have differential effects on
viability in BAP1 wild-type and mutant mesothelioma cell lines.

(A) Cell viability as assessed by Cell Titer Glo viability assay and (B) Annexin V assays
for SETD8 overexpression experiments in BAP1 wild-type (MSTO-211H, Meso10) and
mutant cell lines H226, deletion; H2452 catalytic mutation). (C) Quantitative qPCR for
SETD8 and EZH2 in BAP1 mutant cells with SETD8 overexpression. (D) Western blot
analysis for SETD8 and EZH2 in a BAP1 wild-type cell line. (E) Cell Titer Glo assay in

cells treated with DMSO or 5, 10, 20 uM BVT594.
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more sensitive to a SETDS inhibitor (182) (BVT594) than BAP1-mutant cell lines (Figure

3.23E).

L3MBTL2 is a deubiquitination target of BAP1

We hypothesized that BAP1 deubiquitinates a chromatin modulator that regulates
H4K20mel. We analyzed Asxll, Bapl, Hcf-1, and Ogtl ChIP-Seq data from prior
studies and identified a cluster of genes with significant Bapl occupancy, but not Asxl1
binding (Cluster 1) (Figure 3.24A) (47, 76) were enriched for an E-box motif (Figure
3.24B). Previous studies have shown the atypical polycomb proteins L3MBTL1 and
L3MBTL2 bind E-box motifs, and can bind and maintain H4K20mel (129, 130, 183,
184). L3mbtl1-deficient mice have no overt phenotype (185), whereas L3mbtl2-deficient
mice are embryonic lethal similar in timing to Bapl loss (76, 129). We therefore
investigated whether Bapl loss led to alterations in L3mbtl2 expression. L3mbtl2 protein
but not RNA expression was reduced in Bapl KO hematopoietic cells (Figure 3.25A)
and in BAP1-mutant mesothelioma cells compared to BAP1 wild-type mesothelioma

cells (Figure 3.25B).

We assessed L3MBTL2 ubiquitination with a Myc-His ubiquitin overexpression system.
We found that L3MBTL2 ubiquitination was reduced in cells overexpressing BAP1
(Figure 3.25C). MG132 proteasome inhibitor treatment increased L3MBTL2 stability in
BAP1-mutant cells (Figure 3.25D) reaffirming that LSMBTL2 protein was regulated via
the proteasome pathway. L3MBTL2 expression decreased EZH2 protein levels with and
without BAP1 co-expression (Figure 3.26A) and expression of BAP1 or L3MBTL2
overexpression reduced EZH2 promoter activity in luciferase assays (Figure 3.26B).
Conversely, shRNA mediated L3MBTL?2 silencing increased expression of EZH2 (Figure

3.26C). We also observed enrichment for LSMBTL2 and BAP1 at the EZH2 locus in cells
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Figure 3.24. Analysis of BAP1, ASXL1, HCF-1, and OGT binding. (A) K-means
clustering analyses for BAP1, ASXL1, HCF-1, and OGT ChIP-Seq. (B) Homer de novo
motif analyses in BAP1-bound clusters.
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Figure 3.25. L3MBTL2 protein expression is downregulated with BAP1 loss. (A)
Expression of Bapl and L3mblt2 in control and Bapl KO bone marrow cells (B)
L3MBTL2 and BAP1l expression in BAPl wild-type (Metba, JMN) and mutant
mesothelioma cell lines (H226, H2452, H28) (C) 293T cells overexpressing Myc-His
tagged ubiquitin and L3MBTL2 cDNA and varying levels of BAP1 (0, 5 pg, 2.5 ug, 1 pg).
Co-immunoprecipitation experiments were conducted with Ni-beads and a series of
stringent washes. (D) Western blot of H226 and H2452 cells treated with 25 uM MG132.
Insoluble fractions were extracted using 2% SDS containing lysis buffer.
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lines overexpressing L3MBTL2 from ubiquitination assay (B) EZH2 promoter activity
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in each of these conditions. (C) Two independent hairpins were used to knockdown
L3MBTL2 protein in SET2 cells. Western blot analyses were conducted on L3MBTL2,
EZH2, and actin including short and long exposures.
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expressing L3MBTL2 and BAP1 (Figure 3.27A,B) in endogenous and FLAG-
overexpression settings. We also show that L3MBTL2 and BAP1 physically interact with
each other in immunoprecipitation experiments (Figure 3.27C). These data show that
BAP1 and L3MBTL2 co-occupy specific loci including EZH2 and regulate their
transcription. BAP1 loss leads to reduced L3MBTL2 stability and increased EZH2

transcriptional output (Figure 3.28).

BAP1-mutant cell lines are increasingly sensitive to EZH2 knockdown or inhibition
Analysis of TCGA data revealed that EZH2 mRNA expression was increased in
mesothelioma compared to normal controls (Figure 3.29). We sought to assess whether
EZH2 inhibition might inhibit the survival of BAP1-mutant mesothelioma cell lines. Two
EZH2 short hairpins were identified that effectively reduce EZH2 RNA and protein levels.
EZH2 silencing in BAP1-mutant cell lines resulted in changes in cell morphology and
apoptosis, whereas wild-type cell lines continued to proliferate (Figure 3.30A,B). We
then implanted one wild-type and one mutant cell line with and without EZH2 knockdown
into the flank of NOD-SCID mice. EZH2 silencing abrogated in vivo tumor formation of
BAP1-mutant but not wild-type cell lines (Figure 3.30C). Overexpression of EZH2 in
BAP1 wild-type cell lines increased proliferation in xenograft studies (Figure 3.31A) and

sensitivity to EZH2 inhibition in vitro (Figure 3.31B,C).

EZP011989 is the clinical tool compound from Epizyme that was recently published
(125). BAP1-mutant cell lines were more sensitive to EZH2 inhibition (EPZ011989) in
vitro both in 2D (Figure 3.32A) and 3D culture (Figure 3.32B). We next assessed the
impact of EZH2 inhibition in vivo. We implanted two BAP1 wild-type (Mesol0 and
MSTO-211H) and mutant (H226 and H2452) cell lines into the flank of NOD-SCID mice.

Tumors were given time to grow to about 60-80 mm?® and mice were treated with 500

128



=1 oG mm 293T

2.0 = [ L3MBTL2 ab #1 mm 2937 OF: L3MTL2 IP: FLAG
B3 L3MBTLZ ab #2 25 I 293T OE: BAP1 IP: FLAG
1.5
209
2
2 14 1.5
=
1.0 49
05
0.5 =
0 - .
EZH2 suziz E2F6 PHF20  MORC3 EZH2 #1 EZHZ #2 JAM2
C 4 <\“|,
o &
F L & &
& P 3.9
& ¢ RO
8 s = BAP1

W LavBTL2

.: BAP1

Figure 3.27. LAMBTL2 and BAPL1 interact and regulate expression at the EZH2
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sensitive to EZH2 inhibition.
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mg/kg EPZ011989 two times a day. EZH2 inhibition significantly reduced BAP1-mutant
tumor size compared to vehicle treated mice (Figure 3.32C,D), whereas wild-type
tumors were less/not responsive to EZH2 inhibition (Figure 3.32E,F) despite similar
effects on H3K27me3. One cell line, H2452, metastasized to the lung about two weeks
post-implantation. Analysis of the lung indicated solid nodules that were not present in
control lung tissue. After metastasis, we continued to treat mice with EPZ011989. EZH2
inhibition abrogated pulmonary metastasis in a BAP1-mutant mesothelioma cell line with
metastatic potential (Figure 3.32D) consistent with a role for BAP1/EZH2 in metastasis
(61). EZH2 inhibition reduced invasion and increased E-Cadherin expression in vitro
(Figure 3.33A-C). These data indicate that EZH2 represents a potential therapeutic

target in BAP1-mutant cancer cells.

H2AK119Ub is increased in Bapl KO mice

We next wanted to address whether H2AK119Ub levels were changing in the Bapl KO
mice and whether changed in H2AK119Ub changed with loss or inhibition of Ezh2. We
first assessed H2AK119Ub in c-Kit enriched bone marrow cells. Bone marrow cells with
deleted Bapl had increased H2AK119Ub and decreased H3K27me3 (Figure 3.34A).
These data suggest that the BAP1/ASXL1 complex is functional in Bapl KO cells.
However, this data is not consistent with results from the previously published whole
body Bapl KO mouse. The differences could be due to antibody specificity; there are
reports that the H2AK119Ub reagents are non-specific. We then wondered if deletion of
EZH2 altered H2AK119UDb levels. Western blot assessment revealed that H2AK119Ub
was unchanged in Bapl KO and Bapl/Ezh2 KO mice, suggesting that PRC1 changes
are not required for the Ezh2 rescue (Figure 3.34B). Further, we saw no changes in
H2AK119Ub when we treated mice with EPZ011989 (Figure 3.34C). We then

completed ASXL1 ChlIP-Sequencing in both control and Bapl KO cells. We assessed
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ASXL1 binding globally via MACS peak calling. We found that ASXL1 binding was
slightly altered, however, there was not a statistically significant difference in binding
globally. Further, ASXL1 binding did not change binding at the EZH2 locus. Additional
work will be required to understand whether the BAP1/ASXL1 and BAP1-independent

functions work in concert to mediate gene expression.

Loss of BAP1 |leads to a stem cell defect

For the experiments discussed previously in this chapter, we focused primarily on the
GMP cells. Deletion of Ezh2 rescues the progenitor Bapl KO myeloproliferation
phenotype, however, it does not restore functionality to stem cells. The Bapl KO LSK
(Lin-Sca-1+Kit+) population has a stem cell defect as evidenced by ineffective replating
in methylocellulose assays (Figure 3.35A) and the inability to compete with wild-type
stem cells in CD45.1/CD45.2 congenic marker competition assays (Figure 3.35B). Flow
cytometric analysis of the hematopoietic stem cell compartment revealed that Bapl loss
results in the expansion of the long term HSCs (CD150+) and multipotent progenitors
(CD150-CD48-) and depletion of the short term HSCs (CD48+) (Figure 3.35C). We
crossed Tet2 KO mice with the Bapl KO mice to determine if we could reverse the stem
cell disadvantage. However, the Bapl/Tet2 double KO mice still had defective stem
cells. Therefore, unlike with loss of Asxl1, the increased self-renewal of Tet2 KO cells
could not restore stem cell functionality (77). We are currently undertaking shRNA and
CRISPR-Cas screening approaches to identify genes that may be critical in mediating

this stem cell defect.

DISCUSSION
Previous studies have demonstrated BAP1 and ASXL1 form a complex that can remove

H2AK119-Ub; however, genetic data implicate BAP1 and ASXL1 in distinct human
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malignancies consistent with an ASXL1-independent role for BAP1 in gene regulation
and in malignant transformation. ASXL1 loss results in a significant decrease in global
H3K27me3 and increased expression of PRC2 targets (169), which is mediated through
direct interaction between ASXL1 and PRC2. By contrast, we found that Bapl loss in
vitro and in vivo results in increased H3K27me3 and transcriptional silencing of PRC2
targets. The increase in H3K27me3 observed with Bapl loss was due to increased
expression of PRC2 members. Importantly, Bapl1-deficient transformation in vivo was
abrogated by Ezh2 deletion, demonstrating the importance of EZH2 activity to Bapl-
deficient proliferation and suggesting that Bapl has an important role in regulating PRC2

occupancy.

A recent study has shown that enzymatic activity of BAP1 is critical for its normal tumor
suppressive activity (54) and mutations in the BAP1 deubiquitinase domain have been
identified in primary tumors (61, 63, 65). However, the specific BAP1 substrates that
contribute to BAP1-deficient transformation have not been identified. Previous
biochemical studies have shown that HCF-1 and OGT interact with and are
deubiquitinated by BAP1; however, these proteins have not been linked to BAP1-mutant
malignant transformation (51, 73, 75, 76). Consistent with upstream regulation of PRC2
transcription by BAP1, we found that BAP1l binds and deubiquitinates L3MBTL2.
L3MBTL2 has previously been identified as a novel member of a repressive PRC1
complex (129), and a recent study suggested posttranscriptional regulation of L3MBTL2
contributes to transcriptional regulation and chromatin compaction (186). In the setting of
BAP1 loss or somatic mutations, we observed a marked reduction in L3MBTL2
expression and in H4K20mel. L3MBTL2 and BAPL1 bind to the EZH2 locus; suggesting
BAP1 and L3MBTL2 collaborate in a complex to reduce the expression of PRC2

complex members and of other downstream effectors. Our data suggest that L3MBTL2
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may be a critical regulator of PRC2 transcription, as well as other targets, and that
BAP1-mediated deubiquitination of LSMBTL2 has an important role in gene regulation in

vitro and in vivo.

In uveal melanoma, BAP1 mutations are observed almost exclusively in patients with
Class 2 transcriptional signatures, which have been shown to be associated with a high
rate of distant metastasis and poor overall survival (61). Moreover, mesothelioma and
renal cell carcinoma have a high rate of local and metastatic spread that leads to poor
overall prognosis even in the setting of local disease control. The PRC2 complex is
known to regulate genes linked to epithelial-mesenchymal transition (EMT), including E-
Cadherin (112, 187). These data suggest that BAP1 loss leads to altered expression of
genes which regulate invasion and metastasis, and that these transcriptional effects are
due, at least in part, to alterations in PRC2 activity. We have shown that BAP1 invasion
and metastasis can be inhibited by inhibition of EZH2 in mesothelioma cell lines. These
data suggest a potential therapeutic intervention with patients with BAP1-mutant

metastatic disease.

As genomic studies of human tumors continue to identify novel cancer genes, there is an
increasing appreciation of the role of mutations in epigenetic regulation of transformation
in a wide spectrum of malignancies. In some cases, these mutations lead to increased
function of epigenetic enzymes, which has informed the development of mutant-specific
therapies. For example, the identification of activating mutations in EZH2 in lymphoid
malignancies has resulted in the development of small molecule EZH2 inhibitors.
However, recent studies in SWI/SNF mutant rhabdoid tumors suggest that PRC2
inhibition may have therapeutic efficacy in tumors driven by mutations in epigenetic

regulators outside of the PRC2 complex (188, 189). Our genetic studies demonstrated a
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role for EZH2 enzymatic activity in BAP1-deficient transformation. Consistent with the
genetic data, EZH2 inhibition attenuated the proliferation of BAP1-mutant mesothelioma
cells, reduced their invasive potential, and restored the expression of E-cadherin
consistent with reduced EMT. EZH2 inhibitors have recently entered clinical trials and
our data provide a potential indication for a mutation-specific dependency in PRC2 that
should be further explored in subsequent preclinical and clinical studies. Taken together,
our data suggest that detailed studies of mutations in epigenetic regulation can be used
to inform the development of therapies that reverse mutant-specific effects on epigenetic

state and gene regulation in different malignant contexts.
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