UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
The role of BCL2 family genes in chronic myeloid leukemia stem cells

Permalink
https://escholarship.org/uc/item/4td3353

Author
Goff, Daniel Jacob

Publication Date
2012

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4td3353v
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO

The role of BCL2 family genes in chronic myeloid leukemia stem cells

A dissertation submitted in partial satisfaction of the requirements for the
degree Doctor of Philosophy

Biomedical Sciences

by

Daniel Jacob Goff

Committee in charge:

Professor Catriona Jamieson, Chair
Professor Lawrence Goldstein, Co-Chair
Professor Dwayne Stupack

Professor David Traver

Professor Dong-Er Zhang

2012



Copyright
Daniel Jacob Goff, 2012

All rights reserved.



The Dissertation of Daniel Jacob Goff is approved, and it is acceptable in

quality and form for publication on microfilm and electronically:

Co-Chair

Chair

University of California, San Diego

2012



DEDICATION

This work is dedicated to my family: To Dad for sparking my interest in science
and for your constant advice; to Mom for your endless encouragement and
support; and to my wife and best friend, Elly, for pushing me to be the best

person | can be - how lucky | am to have fallen in mutual weirdness with you.



EPIGRAPH

A scientist in his laboratory is not only a technician: he is also a child placed
before natural phenomena which impress him like a fairy tale.
Marie Curie



TABLE OF CONTENTS

SIGNALUIE PAJE ...ttt ettt e e e e e e e e e e e e e e iii
[ 7=Yo [ o= (o o 1 PPURUR iv
[ o] (o = o] o 1 UPUSRRRR %
Table Of CONENES ... Vi
List of ADDreviations .........oooeiiiii e viii
LISt Of FIQUIES ...t e e e X
I ES] 0 N 1= o] =SSR XVii
ACKNOWIEAGEMENTS ... xviii
Y41 = XXiv
Abstract of the Dissertation ... XXVi
R 1 1o o 18 o 1 o 1
1.1. Cancer stem cells: the malignant 1%.........coooooriiiiiiiiiiii 3
1.1.1. Stochastic versus cancer stem cell-driven malignancy................... 3
1.1.2. Cancer stem cell DIology .........cccuuviiiiiiiii 5
1.2. Chronic myeloid leukemia: a paradigm for cancer stem cell-driven
£ aF=1 1o 0 F=T o o PP PPPTPPPPPPPRN 11
1.2.1. Normal and malignant hematopoiesis..............cccoooiiiiiiiiiiiiiiieeeen. 12
1.2.2. Chronic myeloid leukemia biology ..o 16
1.2.3. Treatment Of CIML ... 19
1.2.4. The role of leukemic stem cells in CML............ccccoeiiiiiiiiiiiiniinnnn, 22
1.3. Apoptosis deregulation: a potent mechanism for therapy-resistance in
(o7 g o7 T U 27
1.3.1. APOPLOSIS VEIrSUS NECIOSIS. .. .ciiiieeeeeeeeeeieeieiiiiiieeeee e e e e e e e e e e eeeeeeeeeees 28
1.3.2. Mechanisms of apOPtOSIS.....ccouieeeieiiiiiieeeieeee e 29
1.3.3. The BCL2 gene family ... 34
1.3.4. BCL2 family regulation ..o 38
1.3.5. BCL2 family deregulation in cancerand CML................cccceeee. 40
1.3.6. Molecular targeting of the BCL2 family ... 43
1.4. Summary: targeting the BCL2 family in CML LSC............ccccvviiiiiieeeen. 45
2. Niche targeting of human blast crisis leukemia stem cells with a novel pan-
1@ 022 T o 11 o1 (o ) USSP 47
Y220 I 1 1o T 18 e 1) o 1 49
2.2, RESUIES ... e 52

Vi



2.2.1. Pro-survival BCL2 family expression is increased in primary CML

LSC with progression t0 BC ........ooooiiiiiiiiii e 52
2.2.2. The bone marrow niche protects BC LSC from the TKI, dasatinib 67
2.2.3. Bone marrow LSC are induced into quiescence by TKI-treatment 74
2.2.4. Dasatinib-resistant LSC express pro-survival BCL2 family genes 80
2.2.5. BC LSC are sensitive to sabutoclax, a pan-BCL2 family inhibitor. 85
2.2.6. Sabutoclax sensitizes marrow-niche engrafted BC LSC to dasatinib

93

2.3. Summary and diSCUSSION ........cciiiiiiieiiiiiieaiiaiiie et 102
2.4. Materials and Methods............coooviiiiiiiiiiiiiieeeee e 109
2.4 1. Patient sample preparation and FACS sorting ..........ccccceeeeeeeeenn. 109
2.4.2. Quantitative RT-PCR........ooi e 109
2.4 3. Transcriptome sequencing and analysis...............cccccvviviiiiennne. 111
2.4.4. BCL2 and MCL1 FACS-protein analyses.............ccccccvvvirvinnennnnn. 112
2.4.5.In VIVO @NAIYSES ...t 112
2.4.6. DiR staining and measurement by FACS...............ccooiiiiiiiineee. 114
2.4.7. FACS cell cycle @analysis ............ceeeeeeiiiiiiiiiiiiiiieee 114
2.4.8.Bone marrow IHC and IF ... 115
2.4.9. Nanofluidic phospho-proteomic immunoassay...........ccccceeeeeeennee. 117
2.4.10. RT-PCR apoptosiS @rray ........cccooeeeeeeeeeieeeeeeeeeeee e 118
2.4.11. Bone marrow BCL2 and MCL1 IHC analysis ............cccvvvvreneee. 118
2.4.12. SLIM2 CO-CURUIE ...t 119
2.4.13. Competitive peptide displacement assays ........ccccceeeeeeeeeeeeeeenn. 119
2.4 .14. In vitro drug treatment and apoptosis analysis...............ccc.eeeee. 120
2.4.15. COlONY @SSAYS ....cceiiiiiiiiiiiiiee ettt ettt e e e e e 121
2.4.16. Lentivirus transducCtion ... 121
2.417. Ex vivo drug treatment ... 121
2.4.18. Statistical @analysiS ..........ccuuuumiiiiiiiiiiiii 122
3. Conclusions and future studies .............ccccuiiiiiiiiiiii e 124
3.1. Exploring further the role of individual BCL2 family genes in CML LSC
survival and mainteNanCe..............uuuiiiiiiiiiiiiii 126
3.2. The role of BCL2 family genes in CML progression....................... 130
3.3. Mechanisms of BCL2 family upregulation in BC LSC ................... 133
3.4. The role of the niche in regulating LSC survival...........cccccccceeeen. 138
3.5. Optimizing BCL2 family inhibition for targeting BC LSC................. 149
3.6. Translating BCL2 inhibition to other CSC-driven malignancies...... 154
3.7 SUMM@IY ...t e e e e e e e e e e e eeeeas 157
Y o] 011 T L 158
REFEIENCES ... 163

Vi



LIST OF ABBREVIATIONS
CSC cancer stem cell
LSC leukemic stem cell
HSC hematopoietic stem cell
MPP  multipotent progenitor
CMP common myeloid progenitor
GMP granulocyte-macrophage progenitor
MEP megakaryocyte-erythrocyte progenitor
AML acute myeloid leukemia
CML chronic myeloid leukemia
ALL  acute lymphoid leukemia
CP chronic phase (CML)
AP accelerated phase (CML)
BC blast crisis (CML)
TKI tyrosine kinase inhibitor
Caspase cysteinyl aspartic-acid protease
IAP inhibitor of apoptosis
BCL2 B-cell lymphoma 2
MCL1 Mpyeloid cell leukemia sequence 1
BCLX B-cell ymphoma-extra large
BFL1 BCL2-related protein A1 (BCL2A1)
MOMP mitochondrial outer-membrane permeabilization

FACS fluorescence-activated cell sorting

viii



FMO fluorescence minus one control
MACS magnetic-activated cell sorting
IHC immunohistochemistry

IF immunofluorescence



LIST OF FIGURES

FIigUIre 1. s 4
Two models of tumor heterogeneity and propagation: a) in the stochastic or clonal
evolution model sub-clones are derived from the cell of origin and from each other via
random mutagenesis. Every clone is genetically different and can form a tumor
independently. b) In the cancer stem cell model only a unique subset of cells is...

FIQUIe 1.2, s 5
Traditional versus CSC targeted therapy: a) traditional cancer therapies seek to Kkill
every possible tumor cell. Unfortunately, as CSC are the most resistant to such
therapy, they survive treatment and drive relapse. b) With CSC targeted therapy the
goal is to eliminate the tumor by eradicating its malignant source. After the CSC...

iU 1.3 s 7
Method for assaying CSC tumorigenecity and self-renewal: Putative CSC are isolated
from bulk cells and transplanted separately into immunodeficient mice. Only cells with
tumorigenic ability will form tumors in the transplanted animals. CSC can then be re-
isolated from the tumors and serially transplanted into secondary recipients. Only...

FIiQUure 1.4 15
Overview of hematopoiesis and HSC biology: The HSC life cycle is balanced
between quiescence, self-renewal and differentiation. Quiescence protects the fidelity
of the stem cell pool while self-renewal expands and maintains the stem cell
population. However, in order to produce mature blood cells HSC must differentiate...

FIigUIre 1.5 26
Evolution of CML and development of blast crisis LSC: a) Normal HSC proliferate and
differentiate in a highly regulated manner. Acquisition of BCR-ABL generates chronic
phase LSC (b), which have unregulated proliferation and differentiation and produce
abnormally high numbers of myeloid cells. Over time, additional oncogenic...

FIiQUuIre 1.6. ... 31
Overview of the two main pathways of apoptosis: a) The extrinsic pathway is
activated by extracellular ligands such as FAS and TNF. These ligands bind to and
activate death receptors on the cell surface. This triggers a signaling cascade
mediated by death domain-containing proteins, such as FADD, that culminates in...

FIQUIE 1.7 .o 37
Overview of BCL2 family protein organization: BCL2 family proteins fall into 4
different functional groups. These subgroups groups regulate mitochondrial outer-
membrane permeabilization (MOMP) by heterodimerization. In the absence of pro-
survival stimuli, pore-formers and activators are free and interact with each other to...

FIQUIre 2.1 . 59
FACS, progenitor analysis scheme: Representative FACS plots of a BC sample
showing the gating scheme used for progenitor analysis and sorting.



FIQUIE 2.2, 59
BC samples are enriched in granulocyte-macrophage progenitors (GMP). Left:
Representative FACS plots of lineage negative cells (top row) and myeloid
progenitors (bottom row) in normal, CP and BC samples. Right. Quantification of
myeloid progenitor types in normal (n=4), CP (n=8) and BC (n=8) samples.

FIiQUIE 2.3 ... 60
BC progenitors express high levels of BCL2 family mRNAs. a) qRT-PCR of pro-
survival (long isoforms) BCL2, MCL1, BCLX, BFL1 and BCR-ABL mRNAs in primary
CP (black, n=13) and BC (red, n=11) progenitors. b) CP and BC expression
compared to that of normal (black, n=16) progenitors. All values are normalized to...

FIQUIE 2.4 ... 61
The MCL1 L:S isoform balance is switched in normal versus CML progenitors. a) RT-
gPCR of MCL1, and MCL1s in normal, CP and BC progenitors. b) MCL1,:MCL1s
ratio in normal (n=7), CP (n=8) and BC progenitors. ¢) Whole transcriptome
sequencing of FACS-sorted progenitor cells from a normal and a BC sample...

FIQUIE 2.5, 62
BCLX, but not other BCL2 family member mRNA expression is correlated with BCR-
ABL expression in CML progenitors. a) Correlation between BCR-ABL mRNA
expression and BCLX; mRNA expression in progenitors. Left: Primary CP and BC
samples (n=20). Right: BCR-ABL transduced normal progenitor colonies (n=12)...

FIQUIE 2.6, 63
BCL2 family protein expression is increased in BC progenitors and is correlated with
CD123" cell expansion. a) Representative FACS histograms of BCL2 and MCL1
protein expression in CP versus BC progenitors. b) Quantitative intracellular FACS
analysis of total BCL2 and MCL1 protein in primary CP and BC progenitors. BCL2...

FIQUIE 2.7 .o 64
Normal, CP and BC progenitors differentially express apoptosis genes. a) Clustering
of expression of apoptosis related genes in normal (n=3), CP CML (n=7) and BC
CML (n=5) progenitors measured by RNA sequencing analysis. Heat-map shows
relative fragments per kilobase of exon per million fragments mapped (FPKM)....

FIQUIre 2.8.. .. 65
BCL2 family gene expression is generally increased in CML compared to normal
progenitors. Relative fold expression of BCL2 family genes in CP (n=7) and BC (n=5)
compared to normal (n=3) progenitors measured by RNA sequencing analysis. Graph
shows mean +/- SEM for each gene relative to normal progenitors, which are set at 1.

FIQUIe 2.9, 66
Normal, CP and BC progenitors differentially express apoptosis-gene splice isoforms.
a) Clustering of splice isoform expression in normal (n=3), CP (n=7) and BC (n=5)
progenitors. Heat-map shows relative FPKM. Two splice isoforms of RIPK2, which
are oppositely upregulated and downregulated, are highlighted in blue. b) Table of...

Xi



FIQuIre 2,10 ... 69
Experimental design for measuring the effects of dasatinib on BC LSC in vivo: a)
Peripheral blood mononuclear cells (PBMC) were isolated using a ficoll- gradient and
CD34" cells were purified using magnetic bead selection (MACS). 50-100,000 CD34"
cells were transplanted into neonatal RAG2"y,” mice®. b) After a 6-8 week...

FIigure 2.1 . 70
Transplanted BC CML cells form myeloid sarcomas and engraft all hematopoietic
niches. a) Representative photographs of control and BC LSC transplanted animals.
The arrow denotes a large, subcutaneous myeloid sarcoma. b) Representative FACS
plots of total human engraftment (CD45" cells, top row) and progenitor engraftment...

FIiQUIre 2,12 ..., 72
Bone marrow engrafted BC LSC, but not those in other niches, are resistant to
dasatinib. a) Total human CD45 engraftment in liver, spleen, blood, tumor, and bone
marrow of BC transplanted mice (see Table 2.2 for n). b) Engraftment of
CD45'CD34'CD38" cells in the hematopoietic tissues (see Table 2.2 for n)...

FIigUure 2.13 .., 73
Dasatinib treatment does not prevent BC CML relapse in secondary transplanted
animals. a) Representative FACS plots showing engraftment of CD45" (top row) and
CD34"CD38" (bottom row) cells in the marrow of mice that were serially transplanted
with whole bone marrow derived from vehicle and dasatinib (25mg/kg) treated...

FIQUIre 2.14 ..o, 73
Dasatinib significantly reduces BCR-ABL activity in bone marrow engrafted LSC. a)
Quantitative proteomic analysis of phospho-CRKL (left) and 3, microglobulin (right) in
FACS-sorted BC progenitors engrafted in mouse bone marrow after treatment with
vehicle or dasatinib. b) Quantification of total area under the curve (AUC) of...

FIiQUIre 2,15 ., 77
Quiescent BC LSC are engrafted in both spleen and marrow but are more frequent in
the spleen. a) Representative FACS histograms of DiR signal retention in
CD45'CD38" BC cells engrafted in tumor, spleen, and bone marrow at 18 weeks
post-transplant. b) DiR mean fluorescence intensity (MFI) of CD45'CD38" BC cells...

FIQUIre 2,16 ... oo, 78
Dasatinib treatment enriches for quiescent BC LSC in the marrow but not the spleen.
a and c) Representative FACS plots showing cell cycle analysis of
CD45"CD34"CD38" BC cells engrafted in spleen (top row) and bone marrow (bottom
row) following vehicle and dasatinib treatment. b and d) Quantification of G2/S, G1...

FIQUIE 2.17 ..o, 79
Quiescent bone marrow niche LSC are enriched in the endosteal region. a and b)
Representative histological analyses of BC engrafted bone marrow showing H&E,
human specific CD45, CD34, CD38 and Ki67 and pHis-H3 staining. The dotted lines
delineate the endosteal region (defined as 5 cell widths (~50um) from the marrow...

Xii



Figure 2.18 ..., 82
Marrow LSC differentially express BCL2 family genes compared to spleen LSC. a)
BCL2 family gqRT-PCR array data of FACS-sorted progenitors from engrafted mice
(n=3). The graph depicts fold expression in marrow-engrafted progenitors relative to
spleen-engrafted progenitors, which are set at 1. All bars are mean +/- SEM...

FIigure 2.19 ..., 83
Marrow CD34" LSC express BCL2 and MCL1 protein. a) Representative
immunohistochemical analyses of gross (top) and endosteal (bottom) engraftment of
human CD34"*, BCL2" and MCL1" cells in mouse bone marrow. Scale bars equal
1mm in low-magnification images and 100pm in high-magnification images...

FIiQUIre 2.20........oooiiiiiiiiii 84
BCL2 family expressing BC LSC are more frequent in the epiphyseal region and are
highly enriched following dasatinib treatment. a) Quantification of CD34*BCL2" and
CD34'MCL1" cells engrafted in the epiphysis and diaphysis of untreated BC
engrafted bone marrow (n=3 per group). Statistical analyses are by unpaired t-test...

FIiQUure 2.2 ... 87
Experimental design for in vitro sabutoclax treatment: a) CD34" BC cells were isolated
and purified by ficoll-gradient and MACS and cultured either alone or in the presence
of SL/M2 stromal cells. b) CD34" BC cells were treated with sabutoclax for 48 hours
and apoptosis was measured by FACS. ¢) For the co-cultured cells, sabutoclax...

FIQUIE 2.22......ooiii 88
Sabutoclax inhibits multiple BCL2 family proteins with high potency. Fluorescence
polarization assay analysis of ABT-737 (a) and sabutoclax (b) against BCL2, MCLA1,
BCLX_. and BFL1 protein bound to a BIM peptide. Graph shows mean FITC
fluorescence +/- SD from 2 replicate measurements.

FIiQUIre 2.23 ... 89
Sabutoclax induces caspase-3 cleavage in CML cells. a) Percent of cleaved caspase-
3 positive K562 cells following treatment with different doses of ABT-737 and
sabutoclax. Graph shows mean +/- SEM from 3 independent experiments. b)
Representative FACS plots of vehicle and sabutoclax treated BC cells. The top row...

FIQUIE 2.24 ..., 90
Sabutoclax targets BC LSC in the context of a protective bone marrow
microenvironment. a) qRT-PCR of pro-survival BCL2 family transcripts in FACS-
sorted BC progenitors after 1 week of culture in the presence of SL/M2 stroma (n=4
experiments) or SL/M2 conditioned media (n=2 experiments). Values are...

FIiQUIre 2.25..... o, 91
ABT-737 targets BC LSC in vitro. @) FACS analysis of normal (n=5) and BC (n=5)
progenitors cultured on SL/M2 bone marrow stroma in the presence of ABT-737. b)
Total colonies formed by normal (n=2) and BC (n=3) progenitors following ABT-737
treatment in the presence and absence of SL/M2 stroma. Values for both graphs...

Xiii



FIQUIE 2.26 ..o, 92
shRNA-mediated knockdown of BCLZ2 inhibits BC but not normal colony formation. a)
Representative FACS plots of untransduced versus sh-Control and sh-BCL2
transduced progenitors. b) Representative colonies from control or sh-BCL2
transduced progenitors. ¢) gRT-PCR of BCL2; mRNA in HEK29T and K562 cell...

FIQUIE 2.27 ..o, 95
Experimental design for in vivo sabutoclax and combination treatment: CD34" BC
cells were isolated by ficoll-gradient and MACS and transplanted into neonatal RAG2"
"yo" mice®. Following a 6-10 week engraftment period, the transplanted mice were
split into cohorts and treated with sabutoclax (IP, 3 doses per week), dasatinib (oral...

FIiQUuIre 2.28........oooii 95
Sabutoclax targets engrafted BC LSC in vivo. a) Representative FACS plots of BC
cells engrafted in mouse bone marrow showing gating and measurement of human
CD45" cells and progenitors after treatment with either vehicle or sabutoclax for 2
weeks and compared to no-transplant control marrow (left column). b) Engraftment...

FIiQUIre 2.29 ..., 97
Sabutoclax targets quiescent, BCL2"MCL1" marrow LSC. a) Representative images
of BCL2 and MCL1 immunohistochemical staining in BC engrafted bone marrow
following vehicle and sabutoclax treatment. The top row shows raw bright-field
images while the bottom row shows pseudocoloring for quantification. Scale bars...

FIQUIre 2.30 ..o, 98
In vivo sabutoclax pre-treatment sensitizes BC LSC to dasatinib ex vivo. a) Scheme
and representative FACS plots of vehicle or sabuotclax pre-treated BC progenitors
before and after ex vivo treatment with dasatinib for 1 week in SL/M2 co-culture. b)
Frequency of live BC progenitors from vehicle (n=3) or sabutoclax (5mg/kg, n=3)...

FIigUure 2.31 ..o, 99
Sabutoclax in combination with dasatinib targets marrow engrafted BC LSC. a)
Relative engraftment of BC progenitors in spleen, blood and bone marrow following
treatment with vehicle (n=9), sabutoclax (1.25mg/kg, n=9), dasatinib (25mg/kg, n=9)
and sabutoclax in combination with dasatinib (n=11). Graph shows mean +/- SEM...

FIQUIE 2.32..... ettt e e e e et e e e et e e e e e e e e 101
Sabutoclax targets quiescent, BCL2" and MCL1" BC LSC enriched by dasatinib
treatment. a) IHC-based quantification of CD34"Ki-67" BC cells in the epiphysis and
diaphysis of bone marrow treated with dasatinib alone (25mg/kg, n=3) and dasatinib
+ sabutoclax (1.25mg/kg, n=3). b) Frequency of CD34'BCL2" and CD34"MCL1" BC...

FigUIe 2.3 et e e e e e e e e e e e e e aaeaaeeaaannes 107
Proposed model for BCL2 family regulation of BC LSC survival and TKI-resistance:
BC LSC are primed for apoptosis due to the prolonged effects of BCR-ABL, which
induces genetic instability and oncogenic stress, and leads to the upregulation of
regulators such as p53 and other pro-apoptotic genes. However, BC LSC fail to...

Xiv



Figure 2.34 ... 108
Summary: Sabutoclax sensitizes bone marrow-niche engrafted BC LSC to dasatinib-
mediated apoptosis. While transplanted BC progenitors engraft multiple
hematopoietic niches, these cells are differentially sensitive to dasatinib depending on
their in vivo location. Both progenitors and bulk CML cells are highly sensitive to...

FIgUure 3.1 ., 129
Apogossypol treatment induces "differentiation" of blast crisis progenitors. a)
Representative FACS plots of vehicle and apogossypol treated blast crisis cells
cultured in vitro. b) Quantification of lineage positive blast crisis cells following
treatment with either vehicle or two different doses of apogossypol. Graph shows a...

FIQUIE 3.2, 132
Effects of BCL2 overexpression on normal and chronic phase progenitor colony
formation and replating: a) Representative bright-field and fluorescence images of
empty vector and pCMV-BCL2 transfected HEK29T cells. b) Relative BCL2, mRNA
expression in empty vector and pCMV-BCL2 transfected HEK293T cells...

FIQUIE 3.3 136
BCL2 protein expression in different primitive populations: a) BCL2 mean
fluorescence intensity (MFI) of CD123 and CD123" progenitor fractions of 13 primary
CML samples. Graph shows median with statistical analysis by Mann Whitney test.
b) BCL2 MFI of stem (CD34°CD38"), progenitor (CD34*CD38"), CD123" progenitor...

FIQUIE 3.4 ..., 137
A novel deletion variant of GSK3 has impaired ability to downregulate BCL2 protein
expression. a) Representative FACS plots showing BCL2 expression in CD34"
myeloid sarcoma cells following transduction with GSK3B-full length and GSK3f-
deletion encoding lentiviruses compared to control lentivirus. b) BCL2 MFI in...

FIQUIE 3.5, 137
BCL2 protein variants can be detected and quantified using nanofluidic-proteomic
analysis. a) Representative traces of BCL2 signal in control and pCMV-BCL2
transfected HEK293T cells. b) Quantification of 2M and different BCL2 protein
peaks in control versus pCMV-BCL2 transfected HEK293T cells. Graph shows...

FIQUIE 3.6 ..., 145
Engraftment in the bone marrow niche alters the expression of the BCL2 family and
other apoptosis genes in BC progenitors. a) Fold change of significantly differentially
expressed splice isoforms in bone marrow engrafted BC progenitors (CD34°CD38"
cells) versus pre-transplantation progenitors. BCL2 family isoforms are highlighted...

FIQUIE 3.7 oo, 146
Engraftment in the bone marrow niche alters the expression of apoptosis genes in BC
stem cells. a) Fold change of significantly differentially expressed splice isoforms in
bone marrow engrafted BC stem cells (CD34"CD38" cells) versus pre-transplantation
stem cells. BCL2 family isoforms are highlighted in red. b) Summary of the top-10...

XV



FIiQUIre 3.8, 147
The phenotype of engrafted BC CML cells are either niche-independent or niche-
dependent, depending on the patient sample. a) Representative FACS plots showing
the phenotype of human progenitor cells engrafted in the liver, spleen and bone
marrow of BC transplanted mice. The top row shows patient B12 while the bottom...

FIQUIe 3.9, ., 148
Bone marrow engrafted BC CML progenitors are consistently resistant to dasatinib
regardless of the patient sample. Relative tissue engraftment of CD45" CD34°CD38"
BC cells derived from two different patients following treatment with vehicle (n=5 and
n=4 respectively) and dasatinib (25mg/kg, n=5 and n=4 respectively). Both graphs...

Figure 3.10 ... 152
Mice serially transplanted with treated bone marrow ultimately develop high-level
leukemic engraftment. Representative FACS plots of mice serially transplanted with
vehicle, sabutoclax, dasatinib and combination-treated whole bone marrow showing
engraftment of human CD45" cells.

T 10 = e B PSR UPPRPP 153
Sabutoclax toxicity in single agent and combination treatment: a) Change in body
weight of mice treated with vehicle (n=14 mice) versus sabutoclax (5mg/kg, n=14
mice). b) Local tissue inflammation observed at the site of sabutoclax injection
(denoted by the arrow). A vehicle treated control mouse is included for comparison...

FigUIe 3.1 e e e e e e e e aaaaaeeaaannes 156
Pro-survival BCL2 expression is increased in bone marrow engrafted prostate cancer
cells following castration. qRT-PCR analysis showing relative BCL2, mRNA
expression in prostate cancer cells harvested from the bone of intact (n=3) versus
castrated (n=3) mice. Graph show mean +/- SEM. Statistical analysis is by unpaired...

FIQUuIre Al oo, 158
BC progenitors differentially express several genes involved in cancer signaling.
Diagram of common signaling pathways involved in cancer and demonstrating genes
significantly different in BC (n=5) versus CP (n=7) progenitors. White = no change;
Red = significantly increased expression; Green = significantly decreased expression.

XVi



LIST OF TABLES

Table 2. e 57
CML patient sample characteristics

Table 2.2 ... e 71
Frequency of engraftment of human leukemic cell populations in BC LSC
transplanted mice

TablEe 2.3 .. et e et e e 88
Characteristics of ABT-737 and sabutoclax and efficacy against normal and BC
progenitors cultured in vitro

Table 2.4 ... et 96
Sabutoclax effects on BC LSC engraftment in vivo

TabIe 2.5 ... 100
Sabutoclax + dasatinib combination effects on BC LSC engraftment in vivo

= L= Ve TSP 159
Apoptosis genes significantly differentially expressed in normal versus BC progenitors

L= L= V0PSRN 160
Apoptosis genes significantly differentially expressed in normal versus CP progenitors

TabIE A3 e e a e e aaaaaae 162
Apoptosis genes significantly differentially expressed in CP versus BC progenitors

XVii



ACKNOWLEDGEMENTS

| thank my mentor Dr. Catriona Jamieson for her continuous and
enthusiastic advice, help and mentorship throughout my graduate training. Dr.
Jamieson embodies everything that a medical scientist should strive to be - an
excellent and caring clinician, a creative and savvy researcher and a
dedicated teacher.

My colleagues in Dr. Jamieson's lab have contributed tremendously to
my development as a scientist and | thank them for their friendship and
support and for their invaluable assistance with this work. | especially thank
Dr. Kristen Smith who performed much of the confocal and fluorescence
microscopy and FACS cell cycle analysis, worked closely with me on the in
vivo combination experiments and greatly helped me focus and refine my
thesis. Kristen was essentially a second mentor to me and | am grateful for her
thoughtful critique of my work, her thorough experimental advice, and her
critical input on my meeting abstracts and manuscript. | credit Ifat Geron and
Annelie Schairer for teaching me how to do molecular biology in hematopoietic
cells and for training me to do much of the in vitro and in vivo work detailed
here. | also appreciate their suggestions and feedback on my thesis proposal
and manuscript. Angela Court-Recart, Alice Shih and Heather Leu helped
extensively with mouse experiments and | am indebted to them for their
assistance with early-morning "sac-days" and weekend mouse dosing
experiments. | also thank Angela for numerous stimulating scientific

discussions and for her knowledge of and advice on data analysis and

XViii



presentation. Furthermore, | appreciate Angela, Alice and Heather's hard work
in maintaining the mouse colony. | am grateful to Dr. Anil Sadarangani for his
help with western blot analysis, phospho-proteomics and RNA sequencing
experiments. Anil also worked tirelessly to secure patient samples from our
various collaborators and helped significantly with grant and manuscript
preparation and submission. | thank Ryan Chuang for his enthusiastic
assistance with lentivector cloning, PCR and in vitro colony experiments. |
could not have asked for a brighter and more motivated undergraduate
student to work with. Dr. Larisa Balaian assisted with SL/M2 co-culture
experiments and | am grateful for her expertise and knowledge of the micro-
environmental niche. | thank Dr. Qingfei "Fay" Jiang and Dr. Wenxue Ma for
their experimental advice, for assistance with mouse experiments and for
critically reading my manuscript. | am also grateful to Fay for her help with
writing this dissertation. Thanks to Rusty Wall and all others who helped with
processing and banking of patient samples and to Dr. Kim-Hien Dao, Dr.
Isabel Newton, Dr. Jennifer Black, Dr. Leslie Crews and Dr. Eva Hellgvist for
their constant encouragement and career advice. | also thank Kim-Hien for
cloning BCR-ABL lentivector, Isabel for her help with DiR experiments and
Jenn, Rusty and Eva for their help with processing mouse tissue. | greatly
appreciate the help of Kimberly Wilson who was always willing to sort out any
odd administrative problems | encountered. | also thank Kim for scheduling my
various thesis committee meetings and for her help with grant and manuscript

submission. Finally, thanks to current and former students in the lab, Lilia

Xix



Earnest, Cayla Mason and Andrew Burch for their friendship and for
contributing to such a fun work environment.

| would like to thank all of my colleagues and collaborators at various
institutions in San Diego and abroad. At the Moores Cancer Center | thank Dr.
Christian Barrett and Dr. Kelly Frazer who provided crucial assistance with
RNA sequencing analysis, Dr. Christina Jamieson who generously helped with
in vivo apoptosis analysis, Dr. Sheldon Morris who advised and assisted with
all statistical analyses, and Dr. Ida Deichaite who helped with industry
relations and grant submission. | also appreciate the expert assistance of
Dennis Young with whom | spent countless hours analyzing and sorting
samples at the Moores FACS core. At UCSD | want to thank Dr. Larry
Goldstein and his graduate student Jessica Rusert for providing BCR-ABL
lentivirus and for their overall advice and encouragement on this project. At the
Sanford-Burnham Institute | thank Dr. Maurizio Pellecchia and his project
scientists Dr. Jun Wei and Dr. Shinichi Kitada for providing the BCL2 inhibitors
and instruction in how best to administer those compounds. | appreciate their
expertise in troubleshooting some of the dosing related issues we
encountered. | also thank Dr. John Reed and his project scientists Dr. Maryla
Krajewska and Dr. Dayong Zhai who performed the BCL2 and MCL1 protein
analysis on paraffin-embedded mouse bone marrow sections and the
fluorescence polarization assays, respectively. Thanks to our collaborators Dr.
Jason Gotlib at Stanford University, Dr. Mark Minden at Princess Margaret

Hospital in Toronto and Dr. Giovanni Martinelli at the University of Bologna

XX



who provided CML patient samples. | also appreciate the contributions of Dr.
Marco Marra and Dr. Hye-Jung Chun at the Michael Smith Genome Sciences
Center in Vancouver and Dr. Thomas Hudson, Dr. Kamran Shazand, Dr. John
McPherson, Dr. Milica Volar and Dr. Richard De Borja at the Ontario Institute
for Cancer Research who helped with RNA sequencing and analysis and
interpretation of the very complex data. Finally, | want to thank Dr. Jamieson,
Dr. Morris, Dr. Goldstein, Dr. Reed, Dr. Krajewska and Dr. Hudson for critically
reading and editing our manuscript. | am extremely grateful to all of our
collaborators for lending their expertise to this project and am humbled to work
with such an array of talented scientists.

| wish to thank all of my international colleagues who invited me to
present our work and whose advice, while often challenging, always improved
the scope and detail of the project. I'd especially like to recognize Dr. Tomoki
Naoe and Dr. Yosuke Minami who hosted me for the 2010 Global Center of
Excellence Conference in Nagoya. Dr. Naoe and Dr. Minami also graciously
allowed me to work in their lab and | appreciate the opportunity they gave me
to discuss and exchange ideas with their students and colleagues at the
Nagoya University Graduate School of Medicine.

I'd like to recognize the organizers and coordinators of my fellowship
programs. Thanks to Dr. Marilyn Farquhar and the administrators of the UCSD
Cancer Training Grant for sponsoring me as a graduate fellow for 2009-2010.
Thanks to Dr. Goldstein, Jennifer Braswell, Heather Haber and the other

administrators of the CIRM training grant for sponsoring me as a graduate

XXi



fellow for 2010-2012. | also wish to thank the other students and professors
who attended the weekly CIRM journal clubs and the CIRM retreats for
sharing their stem cell knowledge and for the interesting discussions.

Thanks to my friends in the MST program, especially Becca Saenz,
Michael Lam and George Hightower for their support and friendship
throughout these long years of graduate education. Also, thanks to Becca for
allowing me to use her outstanding dissertation as a formatting reference for
mine. | would like to thank Dr. Paul Insel, Mary Alice Kiisel and the UCSD MST
program as well as Leanne Nordeman, Gina Butcher and the Biomedical
Sciences Graduate Program for their guidance and help navigating between
medical school and graduate school. | appreciate the advice of Dr. Ken
Kaushansky and Dr. Joseph Vinetz who helped me come to a decision on
which lab to join. Dr. Kaushansky also served as a member of my thesis
committee until he moved to Stony Brook in 2010. Lastly, | wish to thank my
thesis committee, Dr. Catriona Jamieson, Dr. Larry Goldstein, Dr. Dwayne
Stupack, Dr. David Traver and Dr. Dong-Er Zhang for always being available
for advice, for their encouragement and for helping me to become a successful
scientist.

Finally, | want to acknowledge those who commented on, proofread
and edited this dissertation. Specifically, thanks to my Mom, Sue Chasen, for
proofreading amidst her adventures exploring the country. Thanks to Kristen

Smith for all of her suggestions and editing. And thanks to my wife, Elly, for

XXii



her support and encouragement during the writing process and for her honest
and helpful critique of this document.

Chapter 2, in part, has been submitted to Nature Medicine for
publication. Daniel J. Goff, Angela Court-Recart, Alice Y. Shih, Anil
Sadarangani, Christian L. Barrett, Hye-Jung Chun, Maryla Krajewska, Heather
Leu, Jun Wei, Dayong Zhai, Ifat Geron, Qingfei Jiang, Ryan Chuang, Larisa
Balaian, Jason Gotlib, Mark Minden, Giovanni Martinelli, Annelie E. Schairer,
Wenxue Ma, Jessica Rusert, Kim-Hien Dao, Kamran Shazand, John D.
McPherson, Peggy Wentworth, Christina A. M. Jamieson, Sheldon R. Morris,
Lawrence S.B. Goldstein, Thomas J. Hudson, Marco Marra, Kelly A. Frazer,
Kristen M. Smith, Maurizio Pellecchia, John C. Reed and Catriona H.M.
Jamieson. "Niche targeting of human blast crisis leukemia stem cells with a
novel pan-BCL2 inhibitor." The dissertation author is the primary investigator

and author of the manuscript.

XXiii



2004

2012

2014

VITA
Bachelor of Science, University of California San Diego
Doctor of Philosophy, University of California San Diego

(Expected) Medical Doctor, University of California San Diego

PUBLICATIONS

Kavalerchik E, Goff D, and Jamieson CHM. "Chronic myeloid leukemia stem
cells." Journal of Clinical Oncology, 2008 June;26(17): 2911-2915

Goff D and Jamieson CHM. "Cycling toward elimination of leukemic stem
cells." Cell Stem Cell, 2010 April 2; (6) 4:296-7

Kuwatsuka Y, Minami M, Minami Y, Sugimoto K, Hayakawa F, Miyata Y,
Abe A, Goff D, Kiyoi H, and Naoce T. "The mTOR inhibitor, everolimus
(RADO0O01), overcomes resistance to imatinib in quiescent Ph-positive acute
lymphoblastic leukemia cells." Blood Cancer Journal, 20111, e17;
doi:10.1038/bcj.2011.16

Raheem, O, Kulidjian A, Wu C, Jeong YB, Yamaguchi T, Smith KM, Goff D,
Leu H, Morris SR, Cacalano NA, Masuda K, Jamieson CHM, Kane CJ, and
Jamieson CA. "A novel patient-derived intra-femoral xenograft model of
bone metastatic prostate cancer that recapitulates mixed osteolytic and
osteoblastic lesions." Journal of Translational Medicine, 2011 Oct
28;9(1):185

Goff DJ, Court-Recart A, Shih AY, Sadarangani A, Barrett CL, Chun H,
Krajewska M, Leu H, Wei J, Zhai D, Geron |, Jiang Q, Chuang R, Balaian L,
Gotlib J, Minden M, Martinelli G, Schairer AE, Ma W, Rusert J, Dao K,
Shazand K, McPherson JD, Wentworth P, Jamieson CA, Morris SR,
Goldstein LSB, Hudson TJ, Marra M, Frazer KA, Smith KM, Pellecchia M,
Reed JC, and Jamieson CHM. "Niche targeting of human blast crisis
leukemia stem cells with a novel pan-BCL2 inhibitor." 2012, manuscript in
review at Nature Medicine.

Ma W, Gutierrez A, Goff DJ, Geron |, Sadarangani A, Jamieson CA, Court-
Recart A, Shih AY, Jiang Q, Wu CC, Li K, Smith KM, Gibson N, Deichaite I,
Morris SR, Wei P, Carson DA, Look AT, and Jamieson CHM. "NOTCH1
signaling drives human T-cell acute lymphoblastic leukemia initiating cell
survival and self-renewal." 2012, manuscript being prepared for submission
for publication.

XXiv



Jiang Q, Crews LA, Barrett CL, Chun H, Goff DJ, Minden M, Sadarangani A,
Morris SR, Marra MA, Frazer KA, and Jamieson CHM. "RNA Editing Drives
Malignant Progenitor Reprogramming in Chronic Myeloid Leukemia." 2012,
manuscript being prepared for submission for publication.

FIELDS OF STUDY

Major Field: Leukemia Stem Cells

Studies in Hematopoiesis, Leukemia and Stem Cell Biology
Professor Catriona Jamieson

XXV



ABSTRACT OF THE DISSERTATION

The role of BCL2 family genes in chronic myeloid leukemia stem cells

by

Daniel Jacob Goff
Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2012

Professor Catriona Jamieson, Chair

Professor Lawrence Goldstein, Co-Chair

Leukemia stem cells (LSC) play a pivotal role in therapeutic resistance
and progression of chronic myeloid leukemia (CML) to blast crisis (BC).
Although effective for treating CML, BCR-ABL targeted tyrosine kinase
inhibitors (TKIs) fail to expunge quiescent, niche-resident LSC that drive
blastic transformation and relapse. While resistance to therapy occurs through
diverse molecular mechanisms, cumulative evidence suggests that anti-

apoptotic BCL2 family genes may contribute to CML progression and TKI
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resistance as well as to normal hematopoietic stem and progenitor cell
survival. However, the role of BCL2 family genes in human BC LSC
maintenance has not yet been elucidated.

This dissertation investigates the importance of BCL2 family genes for
the survival of CML LSC both in vitro and in vivo and in the context of the cyto-
protective bone marrow niche. Our investigations begin with an examination of
BCL2 family gene expression in purified, primary human CML and normal
myeloid progenitors (CD34°CD38"lin"). Next, we examine the role of BCL2
expression and quiescence in promoting bone marrow niche-dependent cyto-
protection of LSC in a mouse xenograft model of CML. We then investigate
whether LSC are susceptible to BCL2 inhibition using pharmacological
inhibitors as well as shRNA. Finally, the dissertation concludes with
investigations into whether niche-dependent LSC protection LSC may be
overcome by using a BCL2 inhibitor in combination with standard TKI-
treatment.

CML LSC are found to upregulate multiple pro-survival BCL2 family
genes upon progression to BC. Moreover, bone marrow niche-engrafted LSC
are quiescent, upregulate BCL2, and are resistant to dasatinib, a potent TKI,
compared to LSC in other hematopoietic niches. Notably, in both stromal co-
culture and xenotransplantation experiments LSC are significantly inhibited
with a novel, small molecule pan-BCL2 inhibitor, sabutoclax, at doses that
spare normal hematopoietic progenitors. Sabutoclax also sensitizes marrow-

niche LSC to dasatinib, and combination treatment delays CML relapse in
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serially transplanted mice. These data underscore the importance of pro-
survival BCL2 genes in microenvironmental maintenance of malignant stem
cells and suggest that niche targeted inhibition of BCL2 family proteins may
serve as a vital component of a combined treatment strategy to eliminate

quiescent, TKl-resistant LSC in human BC CML.
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1. Introduction

Cancer has superseded heart disease as the leading cause of death
for individuals younger than 85 in the United States and worldwide'?. While
significant advances in detection, diagnosis and treatment have led to an
encouragingly consistent decline in incidence and mortality from a peak in
1990, more than 1.5 million new cancer cases are projected to occur in 2012
in the United States alone®. Moreover, as incidence is invariably linked with
age*®, cancer will be a significant source of morbidity as well as financial
hardship as the life expectancy of our population continues to increase. Thus
there remains a significant need to understand and develop better methods to
treat and potentially cure cancer.

For some cancer types, including acute leukemia, pancreatic cancer
and lung cancer there has been little improvement in 5-year survival since
1975%, and the main challenge is to devise effective treatments for the primary
tumor. However, for many other cancers, vast improvements in treatment have
made mortality less a direct result of the primary malignancy than a result of
relapse and metastasis, which remain significant risks. While encouraging, this
nevertheless implies that in many cases current anti-proliferative therapies do
not completely eradicate all cancer cells, and over time therapy-resistant cells
may resurrect the malignancy. This is inherently an evolutionary process in
which the enormous selective pressure of treatment selects for small cohorts

of resistant cells from a heterogeneous tumor®’. It is therefore not surprising
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that numerous studies show that relapsed tumors are often more aggressive
and more therapy-resistant following both radiation and chemotherapy®™".
Therefore, a more comprehensive understanding of the molecular
underpinnings of therapeutic resistance and relapse has become increasingly
important.

In addition to therapeutic resistance mediated by the selection of
certain clones, a vast array of data has recently been published supporting the
existence of cancer stem cells that are intrinsically resistant to multiple forms
of treatment'?"®. Analogous to tissue specific adult stem cells that give rise to
all the cells that make up an organ, cancer stem cells can self-renew and can
regenerate the bulk of tumor cells that make up a cancer'®'®. As opposed to
targeting bulk tumor cells that will simply be restored over time, targeting
cancer stem cells has the promise of completely eradicating a tumor by
removing the source of malignant cells'®. The elimination of cancer stem cells

thus represents an exciting new strategy for curative cancer therapies.



1.1. Cancer stem cells: the malignant 1%

1.1.1. Stochastic versus cancer stem cell-driven malignancy

There currently exist two main models of cancer cell propagation: the
clonal evolution model and the cancer stem cell model. In the clonal evolution
model, a cancer is thought to come from a single oncogenically mutated cell of
origin. As the cell of origin expands there is a stochastic accumulation of
additional mutations in the daughter cells leading to the presence of a
heterogeneous array of sub-clones with different genetic abnormalities (Figure
1.1a)?>?". Importantly, every clone retains the ability to continuously divide and
give rise to a new tumor, and heterogeneity comes from selective pressure
and random mutagenesis that generates new sub-clones. According to this
model, certain sub-clones may be more or less malignant, but this is solely
dependent upon the individual array of mutations present in that cell. Also,
because essentially any cell has the potential to drive relapse, the best
treatment strategy is to kill as many cells as possible. While there is
substantial evidence in some cancers for a stochastic model where most cells

are tumorigenic??®

, seminal experiments by John Dick and colleagues first
demonstrated in acute myeloid leukemia (AML)?** that tumorigenic potential
may instead be limited to a certain population of cells, termed cancer stem
cells (CSC), that give rise to other malignant cells through a cancer cell

hierarchy?.
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Figure 1.1. Two models of tumor heterogeneity and propagation: a) in the stochastic
or clonal evolution model sub-clones are derived from the cell of origin and from each
other via random mutagenesis. Every clone is genetically different and can form a
tumor independently. b) In the cancer stem cell model only a unique subset of cells is

tumorigenic. The other cancer cells are derived from the cell of origin in a hierarchical

manner but they cannot form a new tumor independent of the cancer stem
20,21,23,26
cell==="===>,
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In contrast to the clonal evolution model, the cancer stem cell model
posits that the cell of origin is unique in its tumorigenic capacity and behaves
like a stem cell from normal regenerating tissue®’. Just as a normal organ is
made up of differentiated cells derived from a limited stem cell pool, it is
hypothesized that a cancer is made up of "differentiated" cancer cells derived
from a rare malignant stem cell. Non-cancer stem cells may make up the bulk
of the tumor but they themselves cannot generate a new tumor. Rather, the
cancer is maintained by a continuously self-renewing CSC pool, and tumor
heterogeneity comes from sequential and hierarchical differentiation that
produces progeny of limited cancer forming ability (Figure 1.1b)""?*%. This
model is supported by observations in germ cell and hematopoietic cancers

where differentiated cells are clearly derived from neoplastic cells?®*>'. |

n
addition, data from several cancer studies have demonstrated that only a

small, phenotypically unique population of cells can transplant disease into
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immunodeficient animals®**#34. Together these data suggest that, at least for
some cancers, only a small subset of tumor cells may actually be responsible
for maintaining the disease. This implies that instead of attempting to kill every
last cancer cell, therapy may be more effective if it specifically targets "the
malignant 1%": the CSC (Figure 1.2). Therefore, much research has recently
focused on understanding the functional mechanisms that drive CSC-

dependent cancers.

CSC survive Tumor relapse
- => =
b
CSC eliminated Tumor regression

Figure 1.2. Traditional versus CSC targeted therapy: a) Traditional cancer therapies
seek to kill every possible tumor cell. Unfortunately, as CSC are the most resistant to
such therapy, they survive treatment and drive relapse. b) With CSC targeted therapy
the goal is to eliminate the tumor by eradicating its malignant source. After the CSC
population is lost the tumor will naturally regress because of the limited
tumorigenecity of the remaining cells'""83>%

1.1.2. Cancer stem cell biology

As in normal stem cells, the defining characteristic of CSC is self-

1", This trait is assayed experimentally by isolating the cells of interest,

renewa
usually by fluorescence-activated cell sorting (FACS) or magnetic-activated
cell sorting (MACS) using defined cell-surface markers, followed by

transplantation into syngeneic (for transgenic models) or immunocompromised
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(for xenograft models) mice. Transplanted CSC, which have self-renewal
ability, will expand and generate a new tumor while non-CSC will not (Figure
1.3)""*. Tumorigenic ability must be demonstrated serially for a cell to truly be
considered a CSC. Serial transplantability distinguishes CSC from other
cancer cells, which often have some degree of proliferative potential but not
long term self-renewal ability”. In addition to self-renewal and differentiation,
CSC have been ascribed other stem cell-like traits such as quiescence and
radiation- and drug-resistance. For example, in chronic myeloid leukemia
(CML), reversibly quiescent CSC have been identified®” and have been shown
to be genetically similar to non-proliferating hematopoietic stem cells®®. CML
CSC are also insensitive to standard therapy®®. Likewise, a subset of
quiescent, drug-resistant AML CSC has been identified in conjunction with the
bone marrow niche*®*'. Together these characteristics allow CSC to survive
treatment and to contribute to cancer relapse (Figure 1.2).

Despite the similarity between CSC and normal stem cells it is
important to note that CSC is a functional rather than a phenotypic definition:
the ability of a cancer cell to serially generate a new malignancy following
isolation from the primary tumor'®. This can be somewhat confusing because it
implies that CSC need not necessarily originate from normal stem cells. While
there are clear examples such as AML where a mutated stem cell is indeed

the cell of origin®*2>%’

, in other malignancies it has been shown that CSC are
phenotypic progenitors with aberrant self-renewal potential***®. This

discrepancy suggests a few things: 1) CSC can be generated through various
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Figure 1.3. Method for assaying CSC tumorigenecity and self-renewal: Putative CSC
are isolated from bulk cells and transplanted separately into immunodeficient mice.
Only cells with tumorigenic ability will form tumors in the transplanted animals. CSC
can then be re-isolated from the tumors and serially transplanted into secondary
recipients. Only CSC, which are self-renewing, will form secondary tumors'’#*3,
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genetic mutations that either directly change a normal stem cell into a
malignant stem cell or that aberrantly confer "stem-ness" to a more
differentiated cancer cell. 2) Theoretically any cell may have the potential to
become a CSC provided that it can become self-renewing and able to
recapitulate the heterogeneity of the original tumor. 3) The mechanisms of
CSC generation and the phenotypic cell of origin are likely different depending
on the specific cancer type.

While it is useful to think of CSC as a stable and phenotypically
defined population for a particular cancer, it is important to note that CSC are
dynamic and likely change in response to further mutagenesis and other
selective pressure?’. Both of these points are exemplified by CML CSC. In the
chronic phase (CP) of disease CSC are thought to originate from a malignant
hematopoietic stem cell?****’_ As the disease progresses to the blast phase
however, there is an accumulation of oncogenic mutations and the CSC
phenotype changes to an aberrantly self-renewing myeloid progenitor®®4243,
An interesting implication is that CSC clones derived from different cells of
origin may exist simultaneously. Also, because CSC are subject to
evolutionary forces just like any other cell, random mutagenesis can generate
sub-clones of a particular CSC that co-exist and compete with the parental

C|0n621 ,26,48

. Therefore the stochastic and CSC models are not mutually
exclusive, and in CSC driven malignancies, clonal evolution likely occurs at

the level of CSC.
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Although there is abundant evidence for the importance of CSC in
several cancers, the CSC model is not without controversy. First, there remain
well-documented cases of cancers in which virtually all of the cells appear to
be cancer-initiating®>*®°. A simple explanation is that some cancers follow a
stochastic model while others follow a hierarchical model. Opponents of the
CSC hypothesis also argue that estimates of CSC frequency are higher in
transgenic mouse models than in xenograft models of the same cancer type®.
Moreover, estimates of CSC frequency in human cancers in particular are
shown to depend upon the degree of immuno-competence of host mice?*%.
Because the identification and study of human CSC depends largely upon the
ability of transplanted cells to survive in a foreign host, these results suggest
that xenograft assays may significantly underestimate the true CSC
population, which depends upon the availability of cytokines and other factors
that are not necessarily functional across species*®*°. Alternatively, xenograft
studies may merely identify human cancer cells that can readily adapt to the

mouse microenvironment®

. These concerns have been partially addressed in
genetically simpler cancers such as CML and B-cell acute lymphoblastic
leukemia (B-ALL), where a single mutation in primitive stem cells can promote
cancer formation, and where transgenic mouse model data concerning CSC
phenotype and behavior mirrors human xenograft data®'3¢424357,
Unfortunately, because of genetic complexity, transgenic models do not
necessarily exist for many cancers. Undoubtedly, the current model systems

for studying CSC are not perfect, and clearly the CSC field would benefit from
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the development of models more permissive to human cells®. Indeed recent
studies of normal hematopoiesis and leukemia in improved mouse models that
use better injection methods, depletion of residual immunity or transgenic
expression of human cytokines report higher frequencies of transplantable
self-renewing cells®***. Nevertheless, it is worth reiterating that the CSC
definition does not depend upon the exact frequency of tumorigenic cells but

upon their function and hierarchical organization'®*®

. Furthermore, these
newer studies still identify cells with differential ability to transplant disease
and with phenotypes consistent with previous studies. This suggests that while
estimates of CSC frequency are likely to become more accurate with better
models, the basic premise guiding the CSC model is still accurate, at least for
leukemia.

Despite the hurdles involved in their research, CSC continue to be
described in new cancers and there is now convincing evidence for CSC in a
host of diverse malignancies including those of the brain®®*, lung®®, breast®**°
and colon®®". These discoveries have undoubtedly contributed to our overall
understanding of CSC biology and many deliver promise of new effective
treatments for historically incurable cancers. Among the CSC-driven

malignancies, CML in particular has proven to be a useful model system for

the development of novel therapies directed at the elimination of CSC.
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1.2. Chronic myeloid leukemia: a paradigm for cancer stem
cell-driven malignancy

The ability to study putative CSC is highly dependent upon the
availability of functional and phenotypic markers to aid in the purification of
cells via FACS. Research on leukemic stem cells (LSC), which draws on an
abundance of knowledge of cell-surface markers garnered from years of study
of the hematopoietic system, has therefore been at the forefront of the CSC
field. Though significant advances have led to the discovery of CSC in an
array of solid tumors, they are still arguably the best characterized in myeloid
leukemias. Chronic myeloid leukemia (CML) makes a good CSC-model
system in particular because its genetic cause is relatively simple and well
documented. Also, CML progresses through readily distinguishable stages
marked by specific changes in the LSC population. Studying CML LSC can
therefore provide insight into the development and evolution of CSC in
general. In addition, because CML has a molecularly targeted therapy, it is
useful for modeling CSC responses to treatment. As CML LSC are derived
from and share many characteristics with hematopoietic stem cells (HSC)®,
their biology and resulting malignancy are best understood in comparison to

normal HSC and hematopoiesis.
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1.2.1. Normal and malignant hematopoiesis

Normal HSC constitute a relatively small pool of multipotent stem cells
that reside in the bone marrow. As the primary self-renewing population of the
hematopoietic system, HSC are responsible for maintaining the proper supply
of various differentiated cells that carry out the primary functions of blood:
supplying oxygen to tissue, maintaining innate and adaptive immunity and
regulating clotting and healing following injury. The HSC pool exists
throughout life because differentiated blood cells have a limited life span and
must be continuously replenished. In normal homeostatic conditions HSC cell
division is balanced between self-renewal, which maintains the HSC
population over time, and differentiation, which gives rise to mature functional
blood cells. At the single cell level this balance equates to cellular "choices"
between symmetrical and asymmetrical division. These choices lead either to
the generation of new HSC, which maintain the stem cell population, or to the
generation of multipotent progenitors (MPP) that lack long-term self-renewal
capacity but have increased proliferative potential (Figure 1.4)°%. Another
direction that an HSC can take is to stay quiescent, and at any time there are
separate populations of both resting HSC as well as actively dividing HSC®. In
the same way that quiescence may confer therapeutic resistance to CSC,
quiescent stem cells are broadly more resistant to cytotoxic insults®®, and this
state may therefore be a crucial mechanism for preserving HSC longevity.

Differentiation is a one-way ticket, and following division from an HSC

a normal hematopoietic progenitor may never again return to the long-term
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self-renewing state. Instead, the newly formed progenitor progresses through
sequential stages of expansion and differentiation. This process is
characterized by another series of cellular "choices" that lead to hierarchical
commitment to a particular hematopoietic lineage. There are two main paths of
commitment that the MPP may take: myeloid, which leads to the development
of red blood cells, platelets, granulocytes and leukocytes, or lymphoid, which
leads to the development of B and T lymphocytes (summarized in Figure
1.4)%,

The balance of "choices" that guide HSC and progenitors to the
different blood lineages is highly regulated by a complex gene transcriptional
network. HSC self-renewal, for example, is maintained by expression of a
unique set of transcription factors that promote multipotency. On the other
hand, differentiation is induced by sequential activation or silencing of
transcription factors that genetically promote lineage specification and
commitment®®®’. The genetic milieu in turn, is controlled by the integration of
extracellular cytokine and hormonal signals, as well as direct cell-cell

interactions from the bone marrow niche®®°

. This regulation allows the
hematopoietic system to dynamically respond to different situations such as
blood loss and infection. For example, in response to anemia and hypoxia
from acute blood loss, increased erythropoietin (EPO) released by kidney
interstitial cells leads to an increase in progenitor expansion and commitment

down the myeloid lineage resulting in increased erythropoiesis’. Because of

the well-preserved hierarchical organization of the hematopoietic system,
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aberrations in this regulatory network tend to result in over-accumulation or
shortage of specific blood lineages. Likewise, blood malignancies often result
from mutations in HSC or progenitors that dysregulate lineage-specific
transcriptional programs and intracellular responses to differentiation signalsw.
Thus leukemias tend also to be lineage restricted and are characterized by
over-accumulation of either myeloid or lymphoid cells depending on the
regulatory cascade disrupted. A good example is polycythemia vera (PV),
where mutation of the kinase JAK2 causes increased EPO responsiveness
and intracellular signal transduction leading to skewed differentiation of
progenitors down the myeloid lineage and over-accumulation of red blood
cells”". Similarly, CML is characterized by over-accumulation of differentiated
leukocytes and granulocytes due to dysregulated intracellular signaling and

transcriptional regulation in BCR-ABL transformed HSC'?.
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Figure 1.4. Overview of hematopoiesis and HSC biology: The HSC life cycle is
balanced between quiescence, self-renewal and differentiation. Quiescence protects
the fidelity of the stem cell pool while self-renewal expands and maintains the stem
cell population. However, in order to produce mature blood cells HSC must
differentiate. Differentiation is defined by loss of self-renewal ability and step-wise (via
sequential cell-divisions) commitment to a particular lymphoid or myeloid lineage.
Human surface markers, used for sorting the cells, are shown for the HSC and
progenitor populations. Abbreviations: MPP=multipotent progenitor; CLP=common
lymphoid progenitor; CMP=common myeloid progenitor; MEP=megakaryocyte-
erythrocyte progenitor; GMP=granulocyte-macrophage progenitor; RBC=red blood
cell; PLT=platelet; GRN=granulocyte; M®=macrophage; NK=natural killer cell;
DC=dendritic cell®®®".
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1.2.2. Chronic myeloid leukemia biology

CML, first recognized in patients with high leukocyte counts and
splenomegaly, is a progressive myeloproliferative neoplasm with an incidence
of about 1 in 100,000 cases per year’>’®. Clinically, patients usually present in
the chronic phase (CP) of disease, where they show over-accumulation of
normally differentiated myeloid cells in peripheral blood along with other
symptoms related to deficiency of normal hematopoiesis such as anemia and
bleeding. Over a period of months to years the disease naturally progresses
through an accelerated phase (AP) to an acute phase known as blast crisis
(BC), which is much more aggressive, is associated with differentiation block
characterized by accumulation of undifferentiated blasts (usually myeloid but
can be lymphoid) in blood and bone marrow, and which without treatment is
almost uniformly fatal’>"376.77,

Although clinical CML was first described in the mid 1800s, it wasn't
until 100 years later that its cellular and molecular biology were truly
uncovered’*"®. In a classic 1960 paper, Nowell and Hungerford described the
presence of a characteristic abnormal chromosome in leukocytes from CML
patients that they proposed was the cause of malignancy78. The Philadelphia
Chromosome, as it became known, was the first example of a specific DNA

abnormality that could be linked directly to cancer’™

and was later shown by
Janet Rowley to be the result of a reciprocal translocation between

chromosomes 9 and 22 [t(9:22)(q34;931)]’°. Subsequently, the 9:22
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translocation was shown to create a fusion of the breakpoint cluster (BCR) and
abelson (c-ABL) genes®®® that lead to the production of an abnormal chimeric
BCR-ABL mRNA transcript and protein®*®*. Clues to the oncogenic function of
BCR-ABL came from cloning of the c-ABL gene, the normal homologue of v-
ABL, which had been shown to be a proto-oncogene and encode a tyrosine
kinase®®®. It was soon shown that c-ABL kinase activity was enhanced in

BCR-ABL protein and promoted oncogenic cellular transformation®’®

, and
that transgenic expression of BCR-ABL in mouse hematopoietic cells could
induce myeloid leukemia®®°. Thus, via the oncogenicty of BCR-ABL, the
Philadelphia chromosome was proven to be the causative genetic abnormality
of CML.

The most common BCR-ABL variant in CML is P210, made up of BCR
exons 12-16 (the major breakpoint cluster) fused to the 5'-end of the ABL
gene. As both genes normally encode ubiquitously expressed kinases (serine-
threonine and tyrosine respectively) the BCR-ABL fusion protein is a kinase
that contains features and regulatory domains from both parental proteins that
define its overall function’?°'. For example, the normal 5'-end of ABL contains
SRC homology (SH) domains critical for the localization of the protein and
physiologic regulation of the kinase domain. Upstream fusion of the BCR
domain is thought to disrupt SH-domain-mediated regulation of the ABL
kinase’®®2. In addition, fused SH domains act as scaffolds that recruit adaptor

proteins such as GRB2 that allow BCR-ABL to interact with and activate RAS,

a regulator of cell proliferation®. Thus BCR-ABL functions as a constitutively
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active ABL kinase, and its oncogenic mechanisms are linked to the activation
of various ABL and non-ABL-dependent cellular pathways’>"92,

A wide variety of proteins and pathways have been identified that
mediate BCR-ABL-dependent pathogenesis. These include the kinase
signaling pathways PI3K-AKT, JAK-STAT and RAS-MAPK, transcription
factors such as MYC, and integrins involved in cell adhesion. BCR-ABL-
induced alterations in these pathways lead to aberrant cell proliferation, cell
cycle, apoptosis, adhesion and homing (exhaustively reviewed by Deininger,
Druker, Melo and Barnes)>'®*_ For example, in addition to RAS, activation of
PISK-AKT signaling is required for BCR-ABL-mediated transformation and
proliferation®®. The PI3K and JAK-STAT pathways also contribute to growth
factor independence and cell survival by intracellular activation of IL-3
signaling®. In addition to independence from soluble growth factors, CML cells
proliferate despite niche-dependent inhibitory signals because of impaired
adhesion and integrin signaling®®°. Finally, activation of these pathways in
tandem contributes to apoptosis-resistance in CML cells (see section 1.3.5),
which may be necessary to counterbalance the strong apoptotic stress
induced by the concurrent activation of several oncogenic pathways®'.
Together, these data demonstrate the complexity of BCR-ABL-mediated
carcinogenesis, but suggest that most of this oncogenic potential may be
inhibited by targeting the common activator, BCR-ABL.

Most BCR-ABL-mediated signaling can be linked to the ABL kinase

function of the fusion protein. However, downstream targets have also been
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shown to depend somewhat on the transformed cell of origin as well as the
exact variety of BCR-ABL protein present®'. For example, the P190 and P230
variants of BCR-ABL, which come about from fusion of ABL to alternative BCR
breakpoint cluster regions, have different leukemogenic potential'®.
Interestingly, these variants are more commonly associated with
Philadelphia®™-ALL and chronic neutrophilic leukemia and are rarely seen in
CML"?®'. Because all BCR-ABL variants contain essentially the same portion
of ABL, these data suggest that the phenotypic consequences of BCR-ABL
expression depend in part on the exact elements contributed by BCR. In
addition, despite a common link to BCR-ABL for most tumorigenic pathways,
BCR-ABL alone does not appear to be sufficient to promote advanced
disease. This suggests that other mutagenic events or epigenetic changes, in
addition to BCR-ABL expression, are necessary for CML progression and may
be important to consider for treatment'®’"911°11%2 Nonetheless, ABL kinase

activity has proved to be absolutely essential for CML development, and

inhibition of BCR-ABL has become the cornerstone of anti-CML therapy.

1.2.3. Treatment of CML

Traditional therapies for CML included arsenic and splenic irradiation
followed later by busulfan and hydroxyurea. These therapies, while somewhat

effective in controlling symptoms, were by no means curative and did little to

|74,103

stop progression of the disease or extend patient surviva More
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successful treatments came first with the development of allogeneic bone
marrow transplant in the 1970s'%*'%, followed by interferon-alpha treatment in
the 1980s'%, which induced more durable cytogenetic responses and, in the
case of transplant, could be curative. However, interferon treatment was
successful only for a subset of patients, while the use of transplant depended
upon the availability of compatible donors. Therefore, despite major
improvements, there was still need for a more ubiquitously effective therapy.
The recognition of BCR-ABL as the key player in CML pathogenesis naturally
led to the hypothesis that inhibition of BCR-ABL could be used as an effective
therapeutic strategy. So, 40 years after the discovery of the Philadelphia
chromosome, clinical trials began on the first BCR-ABL targeted tyrosine
kinase inhibitor (TKI), imatinib'®®.

TKIs function as molecular mimetics that bind to the kinase domain of
BCR-ABL and prevent binding of ATP”®. This prevents BCR-ABL from
phosphorylating downstream proteins and causes cell death in CML cells

107

specifically . Since being introduced clinically in 2001, TKls have been

tremendously successful and the 5-year survival rate of treated chronic phase

patients now exceeds 80%. Even more impressive is that greater than 60% of

108,109

these patients achieve long-term major cytogenetic responses . For

some, this has lead to a new view of CML as more a manageable chronic
condition than a deadly malignancy. Despite this dramatic success,
Philadelphia® cells are still detectable in some patients treated with TKiIs,

110,111

including those who achieve major cytogenetic responses . Worse, a
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large proportion of patients who discontinue imatinib relapse
significant problem particularly for those patients who, for economic or clinical
reasons, can't continue therapy. For those patients who are compliant, there is
significant risk for the development of TKI resistance-imparting mutations in
the BCR-ABL gene'"'"®. Moreover, a number of patients progress to BC even
with treatment, which is clinically significant because the disease becomes
much more malignant and refractory to continued TKI therapy’’. These issues
have been somewhat addressed by the recent development of newer and
more potent TKIls that are even more effective in killing BCR-ABL" CML cells,
albeit with significant side effects. Unfortunately, a substantial number of

patients fail to respond to all TKIs®"’

, and the only recognized curative
therapy for CML remains bone marrow transplant'® which comes with
significant risks of morbidity and mortality. Together these findings suggest the
existence of a subset of CML leukemic stem cells that are intrinsically resistant
to treatment and that can initiate progression and relapse following elimination
of most of the disease. Without doubt, current treatments effectively kill bulk
CML cells and dramatically slow disease progression. However, any curative

therapy will have to invariably target the leukemic stem cell population critical

for disease persistence.
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1.2.4. The role of leukemic stem cells in CML

Evidence for CML leukemic stem cells (LSC) first came from studies
of chronic phase demonstrating that CML cells were clonal in origin and
hierarchically derived from a cell that could generate both the myeloid and
lymphoid lineages***°. These data strongly suggested that HSC were the CML
cells of origin and were later complemented by animal models demonstrating
that transplanted human CD34" CML cells could engraft immunodeficient mice
long-term?. That resistant LSC are the instigators of relapse was later
evidenced by sensitive PCR analyses showing that residual disease is largely
restricted to the stem cell compartment'"" and by direct analysis of BCR-ABL*
HSC showing that these cells are insensitive to TKI treatment®®1%117.118,
Recently, these observations have been further strengthened by mathematical
models of clinical CML that support the clonal and hierarchical nature of the
disease and the existence of a TKl-resistant LSC population’'"'?".

Based on the wealth of data indicating malignant HSC as the chronic
phase cells of origin, it would be natural to assume that blast crisis CML is
driven by increasingly malignant HSC. Yet blast crisis appears to actually be
propagated by phenotypic hematopoietic progenitors. This is evidenced by
data showing expansion of the granulocyte-macrophage progenitor (GMP)
population in blast crisis, and demonstrating that malignant blast crisis GMP
can both serially re-plate and serially transplant blast crisis CML in

immunocompromised mice***2. These results are further supported by data in

syngeneic animal models where transgenic overexpression of BCR-ABL in
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MPP leads to expansion of serially transplantable GMP*®. Surprisingly, in
some models malignant GMP are actually more potent at initiating disease
than HSC*, suggesting that progenitors rather than HSC may be the key
propagators of blast crisis CML. These data raise an important question: How
do myeloid progenitors, normally a non-self-renewing population, become
tumor-initiating LSC in blast crisis?

A hallmark of blast crisis is the appearance of new chromosomal
abnormalities’’. These are partially explained by the fact that long-term
exposure to oncogenic kinases causes increased genetic instability and
mutagenesis by induction of chronic DNA damage'?. In CML this is
exemplified by data showing that BCR-ABL induces the production of DNA-
damaging reactive oxygen species (ROS)'?*'?*. However, BCR-ABL also
paradoxically increases DNA repair by prolongation of the G2/M phase of the
cell cycle’®'?°_ This apparent contradiction is explained eloquently by Radich
who writes: "the combination of more DNA damage and more repair activity
may lead to less exact repair; since Bcr-Abl also up-regulates anti-apoptosis
genes BCL2 and BCL-XI, and thus causes G2/M delay, the stage is set to
accumulate DNA damage without the mechanisms to eliminate these cells."”’
It is worth noting that BCR-ABL is not the only cause of genetic instability.
Chromosomal abnormalities in CML cells may also result from natural stem
cell aging. Regardless of the cause, it is evident that CML progression and the
CP-to-BC transition in particular are heralded by massive changes in gene

expression that alter the phenotype and aggressiveness of the LSC’"101102
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As mentioned earlier, any cancer cell has the potential to become a CSC
provided that it becomes self-renewing and can recapitulate the tumor
following isolation. Thus, accumulated mutations in BCR-ABL" cells activate
aberrant self-renewal in GMP and promote progression to blast crisis CML.
The best-characterized self-renewal pathway active in blast crisis LSC
is the WNT/B-catenin pathway, which is critical for the self-renewal of normal
HSC'"'?8 |n contrast to normal hematopoietic progenitors, which don't self
renew, blast crisis GMP are shown to have significant levels of nuclear [3-
catenin due in part to dysfunctional regulation of its degradation®?,
Consistent with these results, elevated nuclear 3-catenin increases the self-
renewal of blast crisis progenitor cells***. In addition to this pathway, self-
renewal may be activated in blast crisis progenitors by increased Hedgehog
and Notch signaling, which are involved in normal stem cell fate determination
as well as self-renewal'®'?*'®  Besides activation of self-renewal, blastic
transformation is also driven by deregulation of normal differentiation, cell

13,77

cycle progression and apoptosis *". Much of this is likely mediated by

enhanced BCR-ABL activity’®, as BCR-ABL expression is elevated in blast

crisis cells and associated with increased survival as well as increased

131,132

resistance to TKils BCR-ABL-independent genetic and epigenetic

changes also likely play a role. For example, the transcriptional repressor
BMI1 is overexpressed in blast crisis cells and may contribute to impaired

133,134

myelopoeisis by downregulation of Hox family genes . Gene-profiling

analysis of CD34" CML cells has also highlighted a number of genes involved
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in the cell cycle (GASDD45G, FANCG), differentiation (CEBA, CEBPE) and
survival (FOX0O3A) that are significantly differentially expressed in blast crisis
versus chronic phase’” 0",

Together, the evidence for increasingly malignant self-renewing blast
crisis progenitors has led to a revised model of how LSC drive CML (Figure
1.5). Whereas BCR-ABL expression in HSC is necessary and sufficient to
initiate chronic phase disease, it alone cannot fuel CML progression. Instead,
BCR-ABL mediates long-term genetic instability and, according to Radich, "is
the 'brains' behind the pathogenesis and progression of CML, though along
the way it recruits a bevy of accomplices that facilitate resistance and
progression."102 These "accomplices” include aberrant self-renewal pathways,
such as WNT/B-catenin, as well as other mutated genes that confer selective
advantages to blast crisis LSC such that they are more proliferative and more
apoptosis-resistant. Together, these attributes allow blast crisis LSC to
outcompete the original cell of origin and to become the dominant LSC
clone®**27® Despite potentially unlimited alterations that could result from
BCR-ABL-mediated genetic instability, those so far described consistently fall
into discreet functional categories (e.g. self-renewal, differentiation block,
etc.)’®’’. This suggests that targeting these common pathways may be an
effective means to eliminate TKIl-resistant CML LSC. Targeting the apoptotic
pathway represents one such approach that may be particularly useful given
that the main mechanism of TKI-killing is apoptosis induction, and given the

consistent link between LSC and apoptosis-resistance.
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Figure 1.5. Evolution of CML and development of blast crisis LSC. a) Normal HSC
proliferate and differentiate in a highly regulated manner. Acquisition of BCR-ABL
generates chronic phase LSC (b), which have unregulated proliferation and
differentiation and produce abnormally high numbers of myeloid cells. Over time,
additional oncogenic mutations in leukemic progenitors lead to activation of abnormal
self-renewal and the generation of blast crisis LSC (c), which are marked by
differentiation block and primarily generate poorly differentiated leukemic blasts®**2.




27

1.3. Apoptosis deregulation: a potent mechanism for therapy-
resistance in cancer

The term "cell death" immediately brings to mind negative processes -
cell death caused by ischemia in heart attack and stroke, cell death associated
with neural degeneration and aging, etc. However, programmed cell death via
apoptosis is also a normal physiologic process critical for tissue development
and homeostasis (reviewed by Fuchs and Steller)135. The apoptotic process
plays a role, for example, in limb development by removal of interdigital tissue,
and in the development of the neural tube and heart by regulating formation of
hollow tubes and chambers in solid embryonic precursor tissue. In tissues
such as the blood and nervous system where cells are produced in over-
abundance, apoptosis maintains proper physiologic cell numbers by
eliminating older, dysfunctional, and damaged cells. The apoptotic elimination
of cells is also a crucial disease-defense mechanism and is responsible for the
removal of negatively selected B- and T-cells that recognize auto-antigens as

well as oncogenically transformed cells'>"¥.

Because of its important
physiologic roles apoptosis must be highly regulated, and improper apoptotic
responses are associated with many disease processes. Too much apoptosis
contributes to neural degeneration, for example, while too little can allow for
auto-immunity. Deregulation of apoptosis is also characteristic in cancer

development and has recently become an exciting target for anti-cancer

therapeutics.
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1.3.1. Apoptosis versus necrosis

There are two traditional classifications of cell death: necrosis and

apoptosis (reviewed by Edinger and Thompson)'®

. In contrast to necrosis,
which is energy-independent and largely unregulated, apoptosis is an ATP-
dependent process that proceeds in a highly regulated step-wise fashion.
Apoptosis is distinguished from necrosis both mechanistically and
morphologically. Necrosis generally results from non-specific toxicity that
physically damages the cell and compromises the cellular machinery
necessary for energy production. This damage causes a "crisis" that leads to
the massive depletion of cellular ATP and results in swelling, cytoplasmic
vacuolization, fracturing of the plasma membrane and uncontrolled release of
pro-inflammatory intracellular contents. In contrast, apoptosis initiation occurs
by specific molecular triggers. These activate an intracellular signaling
cascade that results in cell shrinkage along with chromatin condensation and
nuclear fragmentation. Plasma membrane integrity is maintained throughout
apoptosis, and as the cellular components degrade they are
compartmentalized into apoptotic bodies that are cleared by non-inflammatory
phagocytosis'®"1%.

Despite their differences, apoptosis and necrosis are not mutually
exclusive and secondary necrosis can follow from apoptosis if the availability

of ATP becomes compromised'®.

Energy depletion may also trigger
autophagy, a process whereby the cell "recycles" its own organelles by

lysosomal-mediated degradation to conserve ATP'*®. While autophagy is
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normally considered a survival mechanism that allows the cell to endure
prolonged starvation or growth factor deprivation, there is also evidence that
autophagy may promote cell death in the absence of apoptosis initiation.
Therefore, there exists a degree of plasticity and cross talk between necrosis,
apoptosis and autophagy'*®'*°. Nevertheless, apoptosis (and its deregulation)
are a central theme in cancer development and its molecular regulation merits

more discussion.

1.3.2. Mechanisms of apoptosis

Apoptosis proceeds via two main pathways, extrinsic and intrinsic,
depending upon the nature of the pro-death stimulus (reviewed by EImore and

summarized in Figure 1.6)".

The extrinsic pathway is triggered by
extracellular signals and is transduced by membrane-bound receptors.
Extrinsic apoptosis can also be induced by cytotoxic T-cells via an alternative
pathway mediated by perforins and granzymes. In contrast, the intrinsic
pathway is triggered by intracellular signals activated in response to noxious
stimuli that damage cellular components or compromise normal cellular
functions. These signals regulate the integrity of the mitochondrial membrane
and control the release of pro-apoptotic molecules into the cytoplasm.
Following apoptosis initiation both pathways converge on a common pathway,

also known as the execution pathway, which culminates in the activation of a

proteolytic caspase cascade. Convergence explains why, despite different
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mechanisms for initiation, all types of apoptosis are characterized by the same
biochemical changes. These changes are directly mediated by caspases and
include protein cleavage, protein cross-linking, DNA fragmentation, plasma
membrane "flipping" and increased expression of phagocytic recognition
markers137'139’141.

The term caspase, short for cysteinyl aspartic acid-protease, refers to
a family of genes of similar structure and function (thoroughly reviewed by
Reidl and Shi)'*2. Caspase genes are highly phylogenetically conserved with
homologues found in everything from vertebrates to fruit flies to yeast. In
humans there are eleven different caspase genes that are grouped according
to their differential role in apoptosis: initiator versus executor. Implicit in the
name, all caspase genes encode proteases that cleave target proteins at
aspartic acid residues. However, the exact sites of cleavage are specific to
individual caspases and are determined by surrounding amino acid
sequences. While caspases are broadly expressed, they usually exist in an
inactive pro-enzyme form (pro-caspase) and must be proteolytically
activated'®'2. This occurs in a step-wise fashion: first, extrinsic or intrinsic
signals stimulate the production of intracellular death-inducing protein
complexes. These complexes facilitate auto-activation of initiator caspases
(caspase-2, -8, -9, -10). The active initiator caspases then proteolytically
cleave and activate executor caspases (caspase-3, -6, -7), which

subsequently target and cleave an array of diverse protein substrates.
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Figure 1.6. Overview of the two main pathways of apoptosis: a) The extrinsic
pathway is activated by extracellular ligands such as FASL and TNF. These ligands
bind to and activate death receptors on the cell surface. This triggers a signaling
cascade mediated by death domain-containing proteins, such as FADD, that
culminates in activation of the DISC-complex. The DISC complex facilitates
proteolytic cleavage of initiator caspase-8. b) The intrinsic pathway is activated by
intracellular signals that affect the health of the cell. These signals initiate pore
formation in organelles including the mitochondria. Pro-apoptotic mediators, such as
cytochrome-C, then leak into the cytoplasm and interact with Apafl to form an
apoptosome, which facilitates cleavage of initiator caspase-9. Mitochondrial pore
formation is also modulated by extracellular signals such as growth factors ¢) The
caspase cascade is the common pathway of apoptosis. This pathway is triggered by
initiator caspases (such as caspase-8 and -9), which proteolytically cleave and
activate executor caspases, such as caspase-3. Activated executor caspases then
cleave cellular substrates and are responsible for the biochemical changes that
define apoptosis '3,
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The expression of caspases as pro-enzymes constitutes a molecular
safety-lock that prevents cell death by default. This is complemented by
reversible expression of inhibitors of apoptosis (IAPs) that directly regulate the

enzymatic activity and stability of caspases'** .

At the same time,
organization of caspases into a proteolytic cascade allows the apoptotic
response to be amplified once a pro-death signaling threshold is crossed'. In
addition, activated executor caspases actually target and cleave upstream
initiator caspases in a positive feedback loop. This ensures that apoptosis
behaves in an all-or-none fashion'®. Activation of the caspase cascade can
be considered the coup de grace of apoptosis because, once it is triggered,
cell death irreversibly proceeds to completion'*®'2. Therefore, tight regulation
of the cascade is crucial in order to prevent inadvertent cell death. In addition
to IAP-mediated regulation, there is a network of genes that controls apoptosis
upstream of initiator caspase activation.

Caspase activation via the extrinsic pathway occurs at the plasma
membrane following ligand binding to membrane-bound death receptors
(Figure 1.6a). The best described of these receptor-ligand pairs are FAS/FASL
as well as TNFR/TNF, which mediate the immunologic clearance of malignant
and infected cells™®. In a classic example, FAS death receptors are expressed
on the cell surface in response to infection. The ligand, FASL, is expressed in
turn by cytotoxic T-cells responsible for clearing the infection. As the two cells
interact the pro-apoptotic ligands bind to their corresponding death receptors.

This binding causes receptor aggregation and conformational changes that
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expose cytoplasmic death domains on the receptors. Exposure of these
domains allows the recruitment of death domain-containing adaptor proteins,
such as TRADD and FADD, to the plasma membrane. Localization to the
membrane allows the adaptors to recruit pro-caspase-8 along with other
proteins that together form a death-inducing signaling complex (DISC). This
DISC-complex then facilitates the auto-proteolytic cleavage of pro-caspase-8,
an initiator caspase, which in turn triggers the downstream caspase
Cascade139’141’146.

In contrast to extrinsic apoptosis, which is receptor-mediated, intrinsic
apoptosis is regulated by diverse pro-death and pro-survival factors that are
broadly linked to the overall genetic and metabolic health of the cell.
Intracellular noxious stimuli that affect normal cellular function alter the
balance of these factors and induce the intrinsic pathway. These stimuli can
either be direct damaging forces such as radiation, hypoxia and oxidative
stress, or indirect such as the removal of supportive growth factors and

cytokines (Figure 1_6b)137,139,141

. For example, cytotoxic drugs and radiation
can cause DNA damage, which activates pro-death proteins such as p53 that
directly induce intrinsic apoptosisw. On the other hand, the withdrawal of
crucial growth factors can indirectly activate apoptosis by the removal of pro-

survival signals'®

. Regardless of the exact initiator, intracellular apoptotic
stimuli cause the formation of pores in the outer membrane of the
mitochondria and endoplasmic reticulum (ER). This allows molecules such as

cytochrome-C to leak into the cytoplasm where they complex with Apaf-1 and
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pro-caspase-9, another initiator caspase, to form a death-signaling complex
called the apoptosome. The newly formed apoptosome facilitates auto-
proteolytic activation of pro-caspase-9, which then triggers the caspase
cascade by cleavage of downstream executor caspases-6 and -3"%'*. Along
with cytochrome-C, other pro-apoptotic molecules are released from
organellar pores and contribute to caspase-mediated processes. These
include IAP inhibitors such as Smac/DIABLO and DNA fragmenting enzymes
such as AIF and endonuclease G. In addition, release of Ca** ions from the
ER causes metabolic stress, which can potentiate apoptosis>®'#"48 As the
major molecular event of intrinsic apoptosis, organellar pore formation must be
tightly regulated. This is primarily accomplished at the mitochondrial
membrane by the BCL2 family of genes. This family, which encodes an array
of pro-death and pro-survival proteins, directly regulates pore formation and
thus facilitates release or sequestration of the key components of intrinsic

apopt03i3139'141'149'150.

1.3.3. The BCL2 gene family

The BCL2 family includes over 20 proteins involved in apoptosis

regulation (extensively reviewed by Cory and Adams)'™"

. The archetypical
function of this protein family is to either promote or inhibit the formation of
pores in the mitochondrial and ER membranes in response to upstream

apoptotic or survival signals. Consistent with these functions, many BCL2
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family proteins contain transmembrane domains that localize them to the
organellar membrane. However, a significant number of BCL2 family proteins
do not contain such domains and are cytoplasmically localized. These
cytoplasmic proteins generally function to modulate pore formation by the
membrane-bound subset. Despite a variety of exact structures, BCL2 family
proteins all share one or more common functional domains, called BCL2-
homology (BH) domains. These domains allow BCL2 family proteins to
interact with each other as heterodimers, and are crucial for the regulatory
function of the proteins. The number and type of BH domains can be used to
roughly classify the BCL2 family into functional sub-groups: the pore-forming
group (e.g. BAX, BAK), the pro-survival group (e.g. BCL2, MCL1, BCLX) and
the BH3-only death-inducing group (e.g. BAD, BID, BIM) (summarized in
Figure 1.7).

Pore-forming BCL2 family members, BAX and BAK, are pro-death
proteins that contain three BH domains (BH1-BH3) and a transmembrane
domain. BAX and BAK are expressed in most cell types and are essential for
intrinsic apoptosis. Upon activation by apoptotic stimuli, BAX and BAK form
homo-oligomers that constitute molecular pores. These pores lead to
mitochondrial outer-membrane permeabilization (MOMP), which then allows
release of cytochrome-C into the cytoplasm as described previously. In the
absence of apoptotic stimuli, BAX and BAK are held in an inactive state by
heterodimerization with the pro-survival group of BCL2 family proteins. These

proteins, which include BCL2, MCL1, BCLX, and BFL1, each contain four BH
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domains (BH1-BH4) and a transmembrane domain and interact with BAX and
BAK via the shared BH3 domain. If BAX and BAK are normally held inactive
how can they oligomerize to form the mitochondrial pore? The answer lies with
the third group of the BCL2 family, the BH3-only proteins.

BH3-only genes are by far the most diverse of the BCL2 family and
encode both cytoplasmic proteins (BAD, BID) as well as membrane proteins
(BIM, PUMA, NOXA). These proteins are pro-death and interact, via BH3
domains, with the other BCL2 family proteins in a complex network. Shamas-
Din and colleagues have explained the workings of this network in their
proposed "Embedded-Together model"'*?. In this model, BH3 proteins come in
two flavors: activators and sensitizers. Activators interact with and directly
induce BAX and BAK oligomerization. They, like BAX and BAK, are inhibited
under normal conditions by heterodimerization with pro-survival BCL2
proteins. In contrast, sensitizers solely interact with the pro-survival group.
This interaction displaces BAX and BAK as well as activator BH3 proteins and
allows them to execute MOMP. Together this network can be thought of as a
molecular lock and key that regulates the opening of the membrane pore; Pro-
survival BCL2 proteins are the lock, BH3 only proteins are the key, BAX and
BAK are the door. Unlocking the mitochondrial door to apoptosis centers on

which BCL2 proteins are active and which are inactive.
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Figure 1.7. Overview of BCL2 family protein organization: BCL2 family proteins fall
into 4 different functional groups. These subgroups regulate mitochondrial outer-
membrane permeabilization (MOMP) by heterodimerization. In the absence of pro-
survival stimuli, pore-formers and activators are free and interact with each other to
potentiate intrinsic apoptosis. The pro-survival group inhibits this process by binding
to and sequestering both activators and pore-formers. This inhibition is removed in
turn by sensitizers, which are activated in response to pro-death stimuli. Upon
activation, sensitizers translocate to the membrane and bind to the pro-survival
proteins. This displaces pore-formers and activators, which are then free to initiate
MOMP once-again. Whether apoptosis is initiated or not depends upon the relative
abundance of each group in the membrane as well as the protein's activation state as
determined by post-translation modifications (see below)'*%'%?,
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1.3.4. BCL2 family regulation

BCL2 family gene regulation occurs at both the mRNA and protein
levels. Several pro-survival genes such as BCL2 and BCLX are
transcriptionally upregulated in response to supportive cytokines such as IL-3
and GM-CSF'*'*_ | ikewise, many pathways involved in proliferation and
self-renewal, such as PI3K/AKT, JAK/STAT, WNT/B-catenin and Hedgehog

155158 |0 similar but

target and upregulate pro-survival BCL2 family genes
opposite fashion, death stimuli alter the balance of expressed BCL2 family
genes. The transcription factor p53, for example, is activated in response to
DNA damage and mediates apoptosis in part by transcriptional upregulation of
pro-death PUMA, NOXA, BAX and BAK, and transcriptional repression of pro-
survival BCL2 and BCLX™"' BCL2 family mRNA expression is also
regulated post-transcriptionally by splicing and micro-RNAs. BCL2 family
genes encode a rather large variety of splice variants. For some genes, such
as MCL1 and BCLX, alternative splicing produces shorter variants that lack
transmembrane domains and have functions antithetical to the full-length
variant'®®'®". Other variants are less well studied but presumably have
functional differences that may modulate the apoptotic balance of the cell. This
balance may also be dynamically adjusted by micro-RNAs. miR-15, -16 and -
181b, for example, bind to and promote degradation of BCL2 and MCL1

mRNA in response to cytotoxic drugs'®%"?,
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BCL2 family proteins can also be altered post-translationally. These
modifications occur in response to pro-death or pro-survival signals and
change the activity and stability of the proteins. In response to growth factors,
BCL2 is phosphorylated on its variable loop domain by kinases such as ERK,
which enhances its pro-survival activity and prevents inhibition by p53'%416°,
BCL2 phosphorylation is reversed by protein phosphotase 2A (PP2A)
following DNA damage'®. Phosphorylation of MCL1 by GSK3p increases the
protein's turnover by targeting it for proteolytic degradation®”"®®. Interestingly,
MCL1 phosphorylation on other residues by ERK or JNK actually stabilizes the
protein'®®'%°_ Consistent with this effect, activated ERK also promotes survival
by phosphorylation and degradation of pro-death BIM'". In addition to these
modifications, BCL2 family proteins can be cleaved by caspases. In the case
of BCL2, caspase-mediated cleavage not only inhibits the protein's pro-
survival function but also converts it into a BH3-only pro-death protein. This
generates a positive feedback-loop that potentiates intrinsic apoptosis'’''"2.
Finally, BCL2 family proteins can be modified in other ways such as by
deamidation, which reduces BCLX, activity following DNA damage'”®. Much of
the regulation of the BCL2 family was discovered in the context of cancer

where perturbations tilt the balance toward survival and contribute to apoptosis

resistance.
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1.3.5. BCL2 family deregulation in cancer and CML

Altered expression of BCL2 family genes is an extremely common
hallmark of cancer and contributes to tumorigenesis in several ways'*'*. In
some blood malignancies, such as follicular lymphoma, overexpression of
BCL2 occurs due of translocation of its genetic locus'’®. In many other cancers
activated oncogenes stimulate proliferation pathways that lead to
overexpression or over-activation of pro-survival BCL2 family genes'®',
Deletion of p53 is probably the most common genetic aberration of cancer and
leads to loss of pro-death BCL2 family transcription and activation'®’'47:17¢,
Moreover, deletion or inactivation of other tumor suppressors such as PP2A
and miR-15 and -16 removes inhibitory controls on BCL2 and other pro-
survival genes'®?'”". Recent evidence also suggests that splicing is globally
altered in cancer, and alternative splicing of BCL2 genes, which encode
several variants, may change the apoptotic balance of the cell'®'7°.

Together, alterations in BCL2-mediated apoptosis can lead to growth
factor independence and can allow cells to endure harsh or foreign

environments such as those in metastatic sites'’"'%

. Furthermore, these
changes prevent cells from dying in response to mutagenesis and oncogene
activation. Instead tumor cells can accumulate mutations and become more
malignant over time. Myc-mediated leukemia, for example, is accelerated by
overexpression of any of the six pro-survival BCL2 family genes'®'. Finally,

because most drugs exert their cytotoxic effects by inducing the intrinsic

apoptotic pathway, alterations in BCL2 family expression are fundamentally
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linked to chemotherapy resistance'®, a problem especially for relapsed
disease. Many of these perturbations are known to play a role in CML
development. Moreover CML LSC, which are defined in part by their ability to
endure toxic insult, likely have abnormal BCL2 family expression as well.

In CML, changes in BCL2 family expression have been heavily linked
to BCR-ABL. BCL2, MCL1 and BCLX are upregulated in CML cell lines
downstream of BCR-ABL kinase activity'®*"%®. This regulation likely occurs in
part via activation of BCR-ABL target pathways such as PI3K-AKT, RAS and
JAK-STAT. For example, the PI3K and RAS pathways phosphorylate and
inactivate the pro-death mediator BAD'®"'% while JAK-STAT signaling
induces transcription of pro-survival BCLX_'®. On the other hand, inhibition of
BCR-ABL reverses these effects and leads to cell death by engagement of the
intrinsic apoptosis pathway. For example, BCLX_ is transcriptionally
suppressed while pro-death BIM, BMF and BAD are activated following
treatment with TKIs'®"®!. Consistent with these data, TKl-resistance occurs
by overexpression of BCL2 or loss of BIM and BAD'®". Likewise, resistance is
mediated by niche-dependent signaling that upregulates MCL1 and BCLX,'%%.
The fact that advanced disease is more refractory to TKls suggests that BCL2
family gene expression and activity is increasingly perturbed over time in CML.

As described previously, the CML CP-BC transition is characterized
by numerous genetic mutations and expression changes’®'%?. Not surprisingly,
many of the affected genes have connections to the BCL2 family. The most

obvious link is to BCR-ABL, which is more highly expressed in blast
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crisis*""*2. Deletions and point mutations that compromise p53 function are
also commonly observed with progression'®®. Furthermore, blast crisis cells
often have inactivation and decreased expression of other tumor suppressors,
including PP2A and FOXO3A, which inhibit pro-survival BCL2 family

genes177,194

. The sum of these genetic changes swings the regulatory
pendulum even further toward survival and likely contributes to the therapy-
refractory nature of advanced disease. However, do aberrations in BCL2
family expression also explain chemotherapy resistance in LSC?

Intriguingly, despite a wealth of data on BCL2 family genes in cancer
and CML, relatively little has been published on the expression of these genes
in the LSC population specifically. What has been well established is that LSC
are resistant to TKI treatment. Moreover, evidence suggests that this
resistance is BCR-ABL-independent because primitive CML cells are
insensitive to TKI-mediated cell death even with significant BCR-ABL
inhibition®*>""". In normal hematopoiesis it has been demonstrated that
upregulation of pro-survival BCL2 protects HSC from radiation and cytotoxic
drugs'®>'®. Furthermore, many studies of normal and malignant stem cells

117,118

have linked resistance to quiescence . In AML upregulation of pro-

survival BCL2 expression is directly linked to chemo-resistance of primitive Gy

cells'®’

. However, changes in BCL2 expression have not been definitively
linked to quiescence nor to therapy resistance in CML LSC. Nevertheless,

these data suggest that the BCL2 family may be an important mediator of LSC
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survival in CML and could represent an important target for eliminating TKI-

resistant LSC that drive CML relapse.

1.3.6. Molecular targeting of the BCL2 family

Realization of the important role of apoptosis-resistance in cancer has
led to development of therapeutic molecules that can target apoptotic
pathways. Examples include small molecules that activate caspases and p53
or inhibit IAPs'®2%°_ For the BCL2 family, antisense oligo-nucleotides have
been used to sensitize cells to cytotoxic drugs by removing the pro-survival
brakes to the pathway®®'. In addition, a new class of drugs called BH3
mimetics, targets the intrinsic pathway by direct inhibition of pro-survival BCL2
family proteins. As the name suggests, these drugs are molecular mimics that
act analogously to BH3-only BCL2 proteins. By binding to pro-survival family
members, BH3 mimetics displace sequestered pro-death proteins that are

then free to activate intrinsic apoptosis?*??%,

In malignancies that are
oncogenically addicted to pro-survival BCL2, BH3 mimetics alone can initiate
apoptosis, and two of these drugs, ABT-263 and obatoclax, are currently in
clinical trials as monotherapy for cancer?®*?%. These drugs may also have
utility in malignancies marked by activation of several oncogenic pathways,
where they can function as chemo-sensitizers?*>?°"?% |n these cancers, BH3

mimetics unlock the door to apoptosis, but there must be additional stimuli to

push the cell through that door.
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The best-studied BH3 mimetics, ABT-737 and ABT-263, are potent
and specific inhibitors of BCL2 and BCLX,?°*?**. However, these drugs do not
inhibit all pro-survival BCL2 family proteins due to structural differences in the
BH3-pocket of the different proteins?*>?%°. This is clinically significant because
some cancers rely on proteins other than BCL2, and ABT-resistance may
emerge by compensatory upregulation of MCL1 and BFL1'742092"1  ABT-
resistance can be can be overcome by antisense RNA or drugs that
downregulate MCL12'%2'®_ However, a better strategy may be to inhibit all six
pro-survival BCL2 family proteins simultaneously.

Obatoclax is one such pan-BCL2 inhibitor that has shown promise in
clinical trials?®>. However, this compound is significantly less potent than ABT-
drugs and may not specifically activate intrinsic apoptosis®®>?'. Recently, a
new subset of pan-active BH3 mimetics has been developed by chemical
modification of gossypol, a naturally occurring molecule derived from
cottonseed oil. These compounds are unique because they can bind to and
inhibit all pro-survival BCL2 family proteins, including MCL1 and BFL12">2".
The lead compound in this group, sabutoclax (BI-97C1), also retains high
potency and specificity against the pro-survival BCL2 family?'’. Sabutoclax is
therefore a novel new therapeutic for treating cancers which rely on MCL1 or
BFL1 expression as well as those which express an array of pro-survival BCL2

family proteins'4217218,
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1.4. Summary: targeting the BCL2 family in CML LSC

The advent of TKls has dramatically improved the lives of most
patients suffering from CML. This success has also paved the way for the
development of targeted molecular therapies for many other cancers. Despite
these significant advances, a majority of CML patients remain un-cured and at
risk for relapse. In addition, lifelong therapy with TKIs represents a significant
burden to the health and financial welfare of patients. Ultimately, our goal must
be to find better treatments that can fully cure CML. In line with this goal, the
recent combined efforts of many talented researchers and clinicians have led
to a vast amount of knowledge concerning drug-resistance, progression and
relapse of CML. This in turn has shed light on the important role of LSC in
initiating these processes and has challenged us to develop new strategies for
targeting and eliminating these malignant stem cells.

An exciting strategy is to target the molecules that LSC rely on for
their survival and drug-resistance. The BCL2 gene family, known to play a role
in CML pathogenesis and TKI-resistance, is strongly implicated in this role.
Moreover, many of the pathways involved in CML progression converge on
the BCL2 family and modulate either the expression or activation of these
genes. Inhibiting this gene family may therefore represent an effective means
to eliminate LSC and prevent CML progression and relapse. BH3 mimetics are
potent inhibitors of the BCL2 family that synergize with other

chemotherapeutic agents. Among these, sabutoclax (BI-97C1) is a novel
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compound that targets all six pro-survival BCL2 family proteins with high
potency and selectivity. Sabutoclax can sensitize drug-resistant cancer cells to
therapy and could be used to target LSC.

Despite previous data concerning BCL2 family expression in CML,
comprehensive analysis of these genes and their splice isoforms has not yet
been done in LSC specifically. It also remains unknown how BCL2 family
expression changes with CML progression and how it compares to that in
normal hematopoietic stem and progenitor cells. While data suggests that BH3
mimetics may be effective for CML, it has not been established whether these
drugs can eliminate LSC. Moreover, it is unknown whether there is any
therapeutic window between LSC and normal HSC killing. Finally, it has not
been demonstrated whether inhibition of BCL2 family genes may be able to
overcome niche-mediated TKI resistance.

Thus we set out to determine which BCL2 family genes are expressed
in CML LSC and how this expression changes with disease progression. We
also investigated how expression of these genes may contribute to LSC
survival and TKI resistance, especially in vivo. Finally, we tested whether
sabutoclax could target LSC in supportive niches and whether this drug could
be used in combination with a TKI to eliminate resistant CML LSC. Our results

are detailed in chapter 2.



2. Niche targeting of human blast crisis
leukemia stem cells with a novel pan-BCL2
inhibitor

Leukemic stem cells (LSC) play a pivotal role in chronic myeloid
leukemia (CML) development and blast crisis (BC) progression. Many studies
have demonstrated that LSC are highly resistant to standard treatments and
are responsible for CML relapse following therapy. The BCL2 family of genes
encodes a diverse set of pro-survival and pro-death proteins that regulate
intrinsic apoptosis at the mitochondrial membrane. Moreover, abnormal
expression of these genes has been directly linked to apoptosis and
chemotherapy resistance. Based on these data, we hypothesized that LSC
survival and therapy resistance may be mediated, in part, through abnormal
expression and alternative splicing of the BCL2 family. Concordantly, we
hypothesized that drug-resistant LSC may be sensitive to a pan-BCL2
inhibitor.

To elucidate BCL2 family regulators of BC LSC maintenance and
survival, we performed splice isoform-specific qRT-PCR, full transcriptome
RNA-sequencing,  nanoproteomics, stromal co-culture and LSC
xenotransplantation analyses. Cumulatively, these studies show that

malignant reprogramming of myeloid progenitors into self-renewing LSC is

characterized by upregulation and alternative splicing of multiple pro-survival

47
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BCL2 family genes. Furthermore, enhanced pro-survival gene expression is
correlated with increased LSC quiescence and resistance to tyrosine kinase
inhibitors (TKIs) that is dependent on engraftment in the bone marrow niche.
In accordance with these data, a novel pan-BCL2 inhibitor, sabutoclax (BI-
97C1), targets BC LSC at doses that spare normal progenitors. Moreover,
sabutoclax sensitizes BC LSC to treatment with TKIs. These findings
underscore the importance of BCL2 family gene expression in the
microenvironmental maintenance of BC LSC and suggest that niche targeted
inhibition of pro-survival BCL2 family proteins may represent a principal

component of a therapeutic strategy to eliminate dormant LSC.
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2.1. Introduction

Leukemia stem cells (LSC), first described in acute myeloid leukemia
(AML)24, subvert stem cell properties, such as quiescence, self-renewal and
enhanced survival, which render them resistant to conventional therapy'®%"?,
Chronic myeloid leukemia (CML) represents an important paradigm for
dissecting the role of LSC in therapeutic resistance because it is initiated by a
single well-defined genetic alteration, the BCR-ABL fusion gene, which can be
molecularly targeted'®. Although BCR-ABL-targeted tyrosine kinase inhibitors
(TKIs) eradicate the bulk of CML cells, they frequently fail to eliminate

39,111,118,220

quiescent, niche-resident LSC that drive relapse and progression

1136112221 Despite improved overall survival'®,

following TKI discontinuation
there remains no curative pharmacologic therapy for CML, in part, because
the genetic and epigenetic drivers of BC LSC generation remain to be
elucidated.

Evidence from primary CML patient samples demonstrates that
expression of BCR-ABL1 in hematopoietic stem cells (HSC)* initiates chronic
phase (CP) but is not sufficient to drive progression to blast crisis (BC)'*". Both
mouse transgenic model and xenotransplantation data show that activation of
stem cell signaling pathways, including WNT/B-catenin®*4#128222 Hedgehog'?°
and the intrinsic apoptotic pathway regulated by the BCL2 gene family?®,

promote BC transformation®#24%'3 Malignant reprogramming of BCR-ABL1

expressing granulocyte-macrophage progenitors into self-renewing BC LSC
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occurs, in some cases, as a consequence of alternative splicing of GSK3p, a
negative regulator of WNT/p-catenin and MCL1%*??*. While recent reports
reveal that mutations in splicing genes promote progression of myeloid
malignancies to acute leukemia'’®, alternative splicing-mediated alterations in
the transcriptome may also enable BC transformation in a malignant
microenvironment.
Because CML becomes increasingly refractory to TKIs during disease

progression to BC?2°2%

, understanding the epigenetic mechanisms that drive
BC LSC maintenance and contribute to therapeutic resistance is essential. TKI
resistance is regulated by diverse BCR-ABL1-dependent and independent
mechanisms. Mutations in the BCR-ABL1 kinase domain and enhanced BCR-
ABL1 transcription are observed in patients with variable TKI compliance,
which represents a major concern for long-term TKI therapy''>%?’. In addition,
several studies suggest that LSC quiescence induction by the stem cell niche
is a major component of therapeutic resistance®>°4"1'®  Although, recent
evidence shows that increased expression of BCL2 family members
contributes to CML pathogenesis, the precise nature of BCL2 splice isoform
usage had not been examined even though a number of isoforms have
antithetical functions'®.

The BCL2 family encodes a diverse set of genes that integrate pro-
survival and pro-death stimuli and modulate the permeability of the

mitochondrial membrane?®?®. Activation of mitochondrial outer membrane

permeability (MOMP) results in activation of a caspase cascade triggering
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apoptosis. Pro-survival BCL2 family genes contribute to leukemogenesis'®’,

CML progression®?®, TKI resistance'8%184:189.197.223

and hematopoietic stem and
progenitor cell survival'®®??° by direct inhibition of MOMP. Expression of BCL2
family genes has also been linked to bone marrow niche-dependent TKI
resistance in vitro’®?. However, the requirement for pro-survival BCL2 family
genes expression in human BC LSC maintenance has not been elucidated.
Moreover, the role of niche-dependent BCL2 isoform expression has not been
delineated in the context of LSC quiescence induction and TKI resistance in
vivo. Thus we compared BCL2 family expression in FACS-purified CML
progenitors from normal, CP and BC patients and in LSC engrafted in different
hematopoietic niches. We also investigated whether LSC could be targeted

with a novel BCL2 inhibitor and whether this inhibition could overcome niche-

dependent TKI resistance.
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2.2. Results

2.2.1. Pro-survival BCL2 family expression is increased in primary CML

LSC with progression to BC

Several studies have linked BCL2 family upregulation with CML
survival, however most have focused on BCR-ABL-expressing cell
lines'® 185188 or pulk CD34" cells'®"'®*"%° rather than bona fide CML LSC. To
gain insight into the role of the BCL2 family in LSC, we performed gene
expression analysis on FACS-sorted normal, CP and BC progenitors (patient
sample information - Table 2.1; FACS sorting scheme - Figure 2.1). BC
samples were highly enriched in CD123"CD45RA" granulocyte-macrophage
progenitors (GMP), previously shown to harbor aberrant self-renewal

potential®>4°

, compared to normal and CP samples, which were instead
enriched in CD123"CD45RA™ common myeloid progenitors (CMP) and CD123
CD45RA™ megakaryocyte-erythrocyte progenitors (MEP) respectively (Figure
2.2). Because myeloid progenitor phenotypes were highly variable in different
samples, it was not possible to sort sufficient CMP, GMP and MEP from each
patient sample for gene expression analysis. Instead, we focused on the
CD34"CD38" progenitor population that could be consistently sorted from all
samples.

BCL2 family genes encode splice variants with opposing functions'’®,

however, there is relatively little information on BCL2 splice isoform expression

in human BC LSC. Therefore, we devised splice-isoform specific primers for
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gRT-PCR and novel analysis tools for full-transcriptome RNA sequencing to
scrutinize BCL2 family isoform expression in sorted primary normal, CP and
BC progenitors. BC LSC expressed significantly higher levels of BCR-ABL and
pro-survival BCL2,, MCL1,, BCLX, and BFL1, than CP progenitors (Figure
2.3a), as well as significantly higher BCL2,, BCLX; and BFL1, than normal
progenitors (Figure 2.3b). MCL1, expression was slightly lower in BC
compared to normal progenitors, however both gRT-PCR and RNA
sequencing revealed significant overrepresentation of long compared with
short isoforms of MCL1 in CP and BC progenitors compared to normal
progenitors (Figure 2.4). Together these data demonstrate that pro-survival
BCL2 family genes are globally upregulated in CML LSC with disease
progression. These data also suggest that BCL2 family splicing is altered in
CML compared to normal hematopoiesis.

Because BCR-ABL induces BCLZ2 family gene expression in CML cell

|ines183,184,189

, we examined whether pro-survival BCL2 family expression was
correlated with BCR-ABL expression in CML progenitors. There was a striking
correlation between BCR-ABL and BCLX; transcript levels in CML progenitors
that was also observed in lentiviral BCR-ABL-transduced progenitors (Figure
2.5a) suggesting that increased BCLX; expression in BC LSC is primarily
driven by BCR-ABL amplification. However, we observed no significant
correlations with any other BCLZ2 family genes (figure 2.5b) suggesting that

increased expression of these genes in BC LSC is independent of BCR-ABL

amplification.
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Next, we examined BCL2 family protein expression in CML progenitor
cells. BCL2 and MCL1 protein levels were upregulated in BC LSC versus CP
progenitors, comparable to qRT-PCR results, as determined by intracellular
flow cytometry (Figure 2.6a and Figure 2.6b). We also compared the stem (lin°
CD34°CD38") and progenitor (lin"CD34"CD38") populations and observed the
highest BCL2 protein expression in BC LSC (Figure 2.6¢c). Both BCL2 protein
and mRNA expression in CML progenitors were correlated with CD123"
progenitor expansion, suggesting that increased BCL2 expression is a marker
of disease progression. Importantly, this trend was not observed with normal
progenitors (Figure 2.6d and 2.6e).

To gain further insight into apoptosis regulation in primary LSC we
compared gene expression in normal, CP and BC progenitors using whole-
transcriptome RNA sequencing. Unsupervised, whole-gene analysis revealed
that normal, CP and BC samples cluster separately with regard to the
apoptotic pathway genes with the exception of sample BC-05, which derived
from a patient in the midst of CP-BC transition and clustered with chronic
phase samples. (Figure 2.7a; for a full list of significantly differentially
expressed genes see Appendix Tables A.1-A.3). Consistent with our other
results, there was a trend toward increased expression of multiple pro-survival
BCL2 family genes in BC compared to normal progenitors (Figure 2.8).
However, BC progenitors also had increased expression of several pro-
apoptosis BCLZ2 family genes including BAD, BIM, BIK, PUMA and NOXA.

Interestingly, many other pro-apoptosis genes were also significantly
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upregulated in BC compared to normal progenitors (Figure 2.7b and Table
A.1) including caspase genes (CASP3 and CASPS8) responsible for apoptosis
execution®®, members of the TNF receptor super-family (FAS and
TNFRSF25) that activate extrinsic apoptosis in response to extracellular

146,231

inflammatory and immune stimuli , death-domain containing adaptor

proteins (CRADD, LRDD and TRADD) that recruit and activate initiator

caspases®??* and TP53, which activates intrinsic apoptosis in response to

DNA-damage and other intracellular stresses'’?%.

We also compared CP and BC progenitor transcriptome expression
(Figure 2.7b and Table A.3). Similar to the above results, BC progenitors had
increased expression of a number of pro-death genes encoding TNF super-
family receptors (TNFRSF1B, TNFRSF21 and FAS) and apoptosis adaptor
proteins (CRADD and PYCARD). In addition, this analysis identified several
genes involved in signal transduction that were significantly increased in BC
progenitors (Figure A.1), including PI3K, JAK and RAS, which are known to

155,173,236
S0ee®and

promote apoptosis resistance by regulation of the BCL2 family
which could account for why BC progenitors have increased expression of
multiple pro-survival BCL2 family genes. At the same time, we observed
decreased expression of proliferation genes such as cyclin-D and MYC
(Figure A.1), which suggests that BC progenitors may be in a more quiescent
state than their counterparts in CP.

Finally, we compared apoptosis-gene splice isoform expression in the

sorted progenitors. Normal, CP and BC progenitors clustered separately with
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regard to splice isoform expression, and this analysis revealed a 23-isoform
signature that distinguished normal from CML samples (Figure 2.9a). Notable
isoforms that were upregulated in CML versus normal cells included those of
YWHAZ, which encodes a pro-survival 14-3-3 protein that inhibits BAD?*,
CFLAR, which inhibits FAS-mediated apoptosis®*®?*, DIABLO, which
encodes a pro-death inhibitor of inhibitor-of-apoptosis (IAP) proteins'*®, and
CASP8AP2, which encodes an adaptor protein required for caspase-8
activation®®°. Multiple isoforms of CASP8 and an isoform of PMAIP1 (NOXA),
a BH3-only BCL2 family gene**', were also significantly increased in CML
cells. In addition to these isoforms, there were several isoforms that were
significantly differentially expressed between BC and CP progenitors (Figure
2.9b). Many of these were consistent with genes identified previously including
caspases (CASP1, CASP7, CASP8) and TNF super-family receptors
(TNFRSF1B, TNFRSF21, FAS). Other notable upregulated isoforms included
LTA a pro-inflammatory cytokine of the TNF family**?, and HRK (HARAKIRI) a
death-promoting gene that interacts with BCL2 and BCLX_ in the mitochondrial
membrane?*®, Among the downregulated isoforms was BIRC5, which encodes
the IAP survivin'*. Isoforms of two BH3-only BCL2 family genes were also
differentially expressed with BCL2L14 upregulated and BCL2L11 (BIM)
downregulated in BC progenitors. Interestingly, there were some genes with
individual splice isoforms both upregulated and downregulated in BC
progenitors. An example was RIPKZ2 (highlighted in blue in Figure 2.9a), which

encodes a kinase that activates NF-kB*“. To our knowledge there have been
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no publications that describe the function of the individual splice isoforms of
RIPKZ2. Therefore it is difficult to speculate whether there is any functional
consequence of this splice isoform switching in BC LSC. Nevertheless, these
data together with our analyses of MCL1 splice isoforms (Figure 2.4) suggest
that alternative splicing may contribute to apoptosis-gene alteration in BC
LSC. Overall these RNA sequencing data point to a number of additional
apoptosis-gene candidates that may be altered in CML progenitor cells upon

transformation, and with progression to BC.
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ID Date Sex/Age | Sample type WBCs (K/mL) | % Blasts, PB | Treatment
C001 | 26 Oct 07 N/A Chronic Phase | N/A N/A N/A

C002 | 09 Jan 07 M Chronic Phase | 689 4% Imatinib
C003 [ N/A N/A Chronic Phase | N/A N/A N/A

C004 | 05 Feb 07 F Chronic Phase | N/A N/A N/A

Co1 13 Nov 08 | M/60 Chronic Phase | 189 1.4% none

Cco02 23 May 08 | F/63 Chronic Phase | 326 5% none

C03 10 Dec 99 | M/57 Chronic Phase | 49 4.1% none

Co4 14 Oct 08 M/44 Chronic Phase | 306 5.8% none

Co05 21 Sep 09 | M/26 Chronic Phase | 231 <1% none

Co06 258Sep 09 | F/68 Chronic Phase | 88 <5% Imatinib
Cco7 25 Mar 07 | F/33 Chronic Phase | 37.1 <1% N/A

Co8 29 Jan 99 M/56 Chronic Phase | 381 <5% Imatinib

Cll1 14 Jan 09 F/44 Chronic Phase | 9.5 <1% Hydroxyurea
C12 26 Aug 09 | N/A Chronic Phase | 390 N/A N/A

C13 21 Sep 07 | F/50 Chronic Phase | N/A N/A Imatinib
B001 | 15 May 08 | M/50 Blast Crisis N/A N/A N/A

B002 | N/A N/A Blast Crisis N/A N/A N/A

B04 29 Jul 08 M/20 Blast Crisis 622 68% Imatinib

BOS 08 Dec 03 | M/51 Blast Crisis 82.4 32% Imatinib
B06 26 Oct 93 M/30 Blast Crisis 170 94.1% Hydroxyurea
B07 29 Oct93 | M/48 Blast Crisis 209 86.1% Hydroxyurea
BO8 27 Jul 00 M/53 Blast Crisis 98 82.6% Hydroxyurea
B09 17 Oct 91 M/65 Blast Crisis 72 41.7% none

B10 21 Sep 93 | M/40 Blast Crisis 133 82% none

Bl11 16 Mar 06 | M/31 Blast Crisis 40.1 79% Hydroxyurea
B12 26 Jul 09 F/47 Blast Crisis 262 45% Hydroxyurea
B13 16 May 08 | M/49 Blast Crisis 8.4 15% Imatinib
B14 16 Apr 04 | M/40 Blast Crisis 47.7 47% none

BI15 8 Mar 05 F/31 Blast Crisis 114 55% none

B16 22 Jul 02 F/52 Blast Crisis 60.3 14% none

B20 N/A 2/37 Blast Crisis N/A N/A N/A

B26 N/A 2/78 Blast Crisis N/A N/A N/A

N/A - data not available
WBCs = white blood cell count
PB = peripheral blood



Ungated FSC/SSC
250K 250K 250K
200K- 200K 4 Live cells (PT) 200K
g 150K ?‘3: 150K
B 100k D 400k
50K i
Cells
0 0

FSC-A

0 50K 100K 150K 200K 250K

0102 103 10* 10°

Propidium lodide (PI)

50K %

59

PI

Lin negative

99.4

v

Lineage-

Progenitor

0 10

103
CD38

Progenitors (CD34*CD38*)

5
10 CMP

GMP

4
o 104
AN
0 103
810
10°) 02
0 wis :
010> 10° 10*
CD45RA

100 10 10°
Lineage:
CD2, CD3, CD4
CD8. CD14, CD19
CD20, CD56

Figure 2.1. FACS, progenitor analysis scheme: Representative FACS plots of a BC
sample showing the gating scheme used for progenitor analysis and sorting.
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Left: Representative FACS plots of lineage negative cells (top row) and myeloid
progenitors (bottom row) in normal, CP and BC samples. Right. Quantification of
myeloid progenitor types in normal (n=4), CP (n=8) and BC (n=8) samples.
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Figure 2.3. BC progenitors express high levels of BCL2 family mRNAs. a) gqRT-PCR
of pro-survival (long isoforms) BCL2, MCL1, BCLX, BFL1 and BCR-ABL mRNAs in
primary CP (black, n=13) and BC (red, n=11) progenitors. b) CP and BC expression
compared to that of normal (black, n=16) progenitors. All values are normalized to
human HPRT mRNA expression. Graphs show mean +/- SEM; * p<0.05 by unpaired
t-test.
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Figure 2.4. The MCL1 L:S isoform balance is switched in normal versus CML
progenitors. a) RT-qPCR of MCL1, and MCL1s in normal, CP and BC progenitors. b)
MCL1.:MCL1s ratio in normal (n=7), CP (n=8) and BC progenitors. ¢) Whole
transcriptome sequencing of FACS-sorted progenitor cells from a normal and a BC
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Figure 2.5. BCLX, but not other BCL2 family member mRNA expression is correlated
with BCR-ABL expression in CML progenitors. a) Correlation between BCR-ABL
mRNA expression and BCLX; mRNA expression in progenitors. Left: Primary CP
and BC samples (n=20). Right. BCR-ABL transduced normal progenitor colonies
(n=12). b) Correlation between BCR-ABL mRNA expression and BCL2,, MCL1, and
BFL1, mRNA expression in primary CP and BC samples (n=20 for each graph). All
graphs depict best-fit line and 95% confidence intervals by Pearson correlation
analysis.
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Figure 2.6. BCL2 family protein expression is increased in BC progenitors and is
correlated with CD123" cell expansion. a) Representative FACS histograms of BCL2
and MCL1 protein expression in CP versus BC progenitors. b) Quantitative
intracellular FACS analysis of total BCL2 and MCL1 protein in primary CP and BC
progenitors. BCL2 - n=6 CP and n=7 BC; MCL1 - n=3 CP and n=4 BC. Graph shows
mean +/- SEM; * p<0.05 by unpaired t-test. ¢) BCL2 protein expression in primary
normal (blue, n=6) CP (black, n=6) and BC (red, n=7) stem cells (CD34°CD38") and
progenitor cells (CD34°CD38%). Graph shows mean +/- SEM; * p<0.05 by ANOVA
and Tukey post-hoc analysis. d) Correlation between BCL2 protein expression and
CD123" cell frequency in primary CML (red, n=13) and normal (blue, n=6)
progenitors. Graph shows best-fit lines; In general linear regression models the
frequency of CD123" cells is associated with BCL2 expression in CML (r?=0.557,
p=0.001) but not in normal (r*=0.365, p=0.24). e) Correlation between CD123" cell
frequency and BCL2, mRNA expression in CML progenitors (n=14). r’=0.608,
p=0.001 by Pearson correlation analysis.
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Figure 2.7. Normal, CP and BC progenitors differentially express apoptosis genes. a)
Clustering of expression of apoptosis related genes in normal (n=3), CP CML (n=7)
and BC CML (n=5) progenitors measured by RNA sequencing analysis. Heat-map
shows relative fragments per kilobase of exon per million fragments mapped (FPKM).
BCL2 family genes are highlighted in blue and designated as either pro-survival or
pro-death. b) Significantly differentially expressed genes (p<0.05) in BC versus
normal (top), CP versus normal (middle) and BC versus CP progenitors (bottom).
Graphs show average fold FPKM.
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BC (n=5) compared to normal (n=3) progenitors measured by RNA sequencing
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Figure 2.9. Normal, CP and BC progenitors differentially express apoptosis-gene
splice isoforms. a) Clustering of splice isoform expression in normal (n=3), CP (n=7)
and BC (n=5) progenitors. Heat-map shows relative FPKM. Two splice isoforms of
RIPK2, which are oppositely upregulated and downregulated, are highlighted in blue.
b) Table of significantly downregulated and upregulated splice-isoforms in BC

compared to CP progenitors.

Decreased expression in BC

Fold Change
Gene Isoform (BC / CP) p value
BIRC5S uc002jve.1 0.17 0.026
BCL2L11 uc002tha.1 0.34 0.005
BCL2L1 uc002wwn.2 0.37 0.017
HMBS uc009zao.1 0.39 0.026
CASP6 uc003hzn.1 0.56 0.005
CHUK uc001kgp.2 0.62 0.012
CASP3 uc003iwi.2 0.67 0.052
CASP8AP2 uc003pnr.2 0.69 0.052

Increased expression in BC

Fold Change

Gene Isoform (BC / CP) p value
BCL2L14 ucO01lrac.2 49810 0.005
LTA uc003nuh.2 1758 0.052
HRK uc001twe.2 973 0.052
TNFRSF1B ucO001latt.2 7.5 0.017
CASP1 uc001pim.3 4.0 0.037
CASP8 uc002uxw.1 3.7 0.003
CASP7 uc010gsb.1 3.3 0.037
TNFRSF21 uc0030yv.2 2.7 0.052
NFKBIA uc001lwte.3 2.5 0.052
REL uc002sam.1 2.2 0.052
FAS uc010gnd.1 2.0 0.007
YWHAZ uc011lhg.1 1.7 0.003
RIPK2 uc003yee.2 1.6 0.052
DEDD uc001fxz.2 1.4 0.052
BIRC6 uc010ezu.2 1.3 0.026
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2.2.2. The bone marrow niche protects BC LSC from the TKI, dasatinib

In addition to altered BCLZ2 isoform expression, recent studies suggest
that supportive microenvironments render LSC quiescent and resistant to
therapy® #8192 To investigate how the microenvironment contributes to
LSC survival, we examined BC LSC in various hematopoietic niches using a
xenograft model. To establish this model, primary CD34" BC cells were
isolated using magnetic bead selection and transplanted intrahepatically into
neonatal RAG2"y.” mice®® (experimental design - Figure 2.10). Transplanted
mice typically developed BC CML at approximately 6-10 weeks post-
transplant, and disease was characterized by the formation of diffuse myeloid
sarcomas (Figure 2.11a) and engraftment of human CD45" and CD34"CD38"
leukemic cells in all hematopoietic tissues (Figure 2.11b and Table 2.2).

To quantitatively assess whether resistant LSC had a predilection for
a particular microenvironment, BC transplanted mice were treated orally with
dasatinib, a high potency TKI, and leukemic engraftment was measured
immediately following a 2-week treatment period (Figure 2.12). Dasatinib was
extremely effective at killing BC leukemic cells in vivo and we observed
marked decreases in the leukemic engraftment of the liver (the site of
transplant, Figure 2.12c), the myeloid sarcoma burden (Figure 2.12d) and the
spleen size (Figure 2.12e) of dasatinib-treated animals. Spleen and blood
leukemic engraftment was also dramatically diminished by dasatinib treatment

(Figure 2.12f). However, despite these effects, a sizable dasatinib-resistant
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population remained in the bone marrow after treatment (Figure 2.12f). This
resistant population was especially evident when engraftment of CD34"CD38"
cells was measured, and at lower doses there was no significant change in
this population (Figure 2.12g). To test whether the dasatinib-resistant
population contained functional LSC, we serially transplanted whole bone
marrow derived from the treated animals into secondary recipients. Strikingly,
mice transplanted with vehicle- and dasatinib-treated marrow developed
nearly identical levels of disease (Figure 2.13a). Moreover, mice that received
dasatinib-treated marrow had no significant survival advantage over those that
received vehicle-treated marrow (Figure 2.13b). Together, these data
demonstrate that the bone marrow protects functional BC LSC from the
cytotoxic effects of TKis.

Importantly, bone marrow-associated resistance was not simply due to
higher disease burden in the marrow because high-level human engraftment
and comparable progenitor engraftment were detected in all hematopoietic
tissues (Figure 2.12a-b). Furthermore, myeloid sarcomas had the highest
levels of engraftment and yet were extremely sensitive to dasatinib (Figure
2.12d). Marrow TKIl-resistance was also not due to a lack of drug availability
because FACS-sorted CD34"CD38" cells from the marrow of dasatinib-treated
mice had significantly reduced CRKL phosphorylation (Figure 2.14), a direct
measure of BCR-ABL kinase activity. This suggests that dasatinib inhibits
BCR-ABL, but fails to kil marrow LSC due to the activity of other

compensatory, BCR-ABL-independent protective pathways.
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Figure 2.10. Experimental design for measuring the effects of dasatinib on BC LSC in
vivo: a) Peripheral blood mononuclear cells (PBMC) were isolated using a ficoll-
gradient and CD34" cells were purified using magnetic bead selection (MACS). 50-
100,000 CD34" cells were transplanted into neonatal RAG27y.”" mice. b) After a 6-8
week engraftment period, transplanted mice were sacrificed to measure total human
and progenitor engraftment in the hematopoietic organs. Two cohorts of engrafted
mice were left alive and were treated for 2 weeks with dasatinib (oral, 1 dose per day)
or vehicle. ¢) After the 2-week dosing period treated mice were sacrificed and
engraftment was measured in the hematopoietic organs. Whole bone marrow cells
were isolated from dasatinib- and vehicle-treated mice and were transplanted into
secondary recipients. d) The survival of the secondary recipients was recorded and
engraftment was verified in secondary bone marrow post-mortem.
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Figure 2.11. Transplanted BC CML cells form myeloid sarcomas and engraft all
hematopoietic niches. a) Representative photographs of control and BC LSC
transplanted animals. The arrow denotes a large, subcutaneous myeloid sarcoma. b)
Representative FACS plots of total human engraftment (CD45" cells, top row) and
progenitor engraftment (CD34°CD38" cells, middle row) in mouse hematopoietic
tissues and myeloid sarcomas ("tumor"). The bottom row shows gating in no-
transplant control bone marrow and fluorescence minus one (FMO) controls.



71

Table 2.2. Frequency of engraftment of human leukemic cell populations in BC LSC

transplanted mice

Tissue
Population Frequency
Liver Spleen Blood Tumor | Marrow
Mean 17.7 31.7 47.7 64.4 57.0
CD45" SEM 2.8 3.6 6.0 6.4 5.6
n 44 52 31 22 52
Mean 7.7 114 7.6 46.3 271
CD45'CD34*CD38"
("progenitor”) SEM 2.0 1.6 1.8 7.9 4.5
n 39 49 31 22 49
Mean 0.32 0.74 0.46 0.04 0.14
CD45'CD34'CD38
("stem") SEM 0.06 0.16 0.11 0.008 0.04
n 39 49 31 22 49
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Figure 2.12. Bone marrow engrafted BC LSC, but not those in other niches, are
resistant to dasatinib. a) Total human CD45 engraftment in liver, spleen, blood,
tumor, and bone marrow of BC transplanted mice (see Table 2.2 for n). b)
Engraftment of CD34*CD38" cells in the hematopoietic tissues (see Table 2.2 for n).
c) Relative engraftment of CD45" and CD34'CD38" cells in the liver following
treatment with vehicle (n=11) or dasatinib (50mg/kg, n=13). d) Number of myeloid
sarcomas found in vehicle (n=6) and dasatinib (n=6) treated mice. e) Representative
images of spleens harvested from vehicle and dasatinib treated mice. f) Relative
engraftment of CD45" cells in spleen, blood and bone marrow following treatment with
vehicle (n=22), 25mg/kg dasatinib (n=10) and 50mg/kg dasatinib (n=14). g) Relative
engraftment of CD45"CD34°CD38" cells in hematopoietic tissues following the same
treatments (n=29, 9 and 20 respectively). All graphs show mean +/- SEM. Panels c, f
and g are normalized to vehicle controls. Statistical analyses are by unpaired t-test or
ANOVA with Tukey post-hoc tests; * p<0.05, ** p<0.01, *** p<0.001.
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Figure 2.13. Dasatinib treatment does not prevent BC CML relapse in secondary
transplanted animals. a) Representative FACS plots showing engraftment of CD45"
(top row) and CD34°CD38" (bottom row) cells in the marrow of mice that were serially
transplanted with whole bone marrow derived from vehicle and dasatinib (25mg/kg)
treated primary mice. b) Survival of mice serially transplanted with vehicle (n=13) and
dasatinib (25mg/kg, n=11) treated bone marrow. Statistical analysis is by log-rank
test.
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Figure 2.14. Dasatinib significantly reduces BCR-ABL activity in bone marrow
engrafted LSC. a) Quantitative proteomic analysis of phospho-CRKL (left) and (3,
microglobulin (right) in FACS-sorted BC progenitors engrafted in mouse bone marrow
after treatment with vehicle or dasatinib. b) Quantification of total area under the
curve (AUC) of phospho-CRKL peaks in vehicle and dasatinib treated samples. All
values are normalized to levels of B, microglobulin. Graph shows mean +/- SEM from
5 replicate measurements and statistical analysis by unpaired t-test.
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2.2.3. Bone marrow LSC are induced into quiescence by TKI-treatment

Chemotherapy resistance in leukemia has been previously linked to

LSC quiescence''” 18

. To investigate whether quiescence-induction could
account for the protective effect of the marrow on BC LSC in our model, we
measured and compared the cell-cycle status of cells engrafted in the various
hematopoietic niches. First, to test whether quiescent LSC are preferentially
localized to a particular niche, we transplanted a cohort of mice with CD34"
BC cells pre-labeled with DIR, a membrane-bound fluorescent dye. DiR is
similar in function to carboxyfluorescein succinimidyl ester (CFSE); it is lost
from cell membranes with every sequential cell division and only persists in
non-dividing cells. Following an 18-week engraftment period, transplanted
mice were sacrificed and DiR fluorescence was measured in human leukemic
cells in the different hematopoietic tissues (tumor, liver, spleen and bone
marrow - Figure 2.15a-b). DiR positive cells were detectable in the spleen and
marrow only suggesting that these tissues are niches for quiescent LSC.

The spleen and marrow both contain quiescent cells but respond very
differently to dasatinib (Figure 2.12). This suggests either that there are more
quiescent cells in the marrow or that quiescence prior to treatment does not
necessarily equal drug-resistance. To investigate these possibilities we
quantified quiescent BC cells in the spleen and marrow environments in more
detail using Ki-67/7-AAD flow-cytometric analysis. We also monitored whether
there was a change in the quiescence of cells in each niche after treatment

with dasatinib. Consistent with our DiR data, this analysis demonstrated a
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distinct population of Gy (Ki-67'°"7-AAD"") CD45'CD34'CD38* BC cells
engrafted in both the spleen and marrow environments (Figure 2.15c).
However, to our surprise, there were significantly more Gy progenitor cells in
the spleen than in the bone marrow of untreated animals (Figure 2.15d).
These data indicate that the quiescent state alone is not sufficient to protect
BC progenitors from dasatinib-mediated cytotoxicity. However, spleen and
marrow-engrafted cells differed greatly in their cell-cycle response to dasatinib.
While there was no significant change in spleen-engrafted cells (Figure 2.16a-
b), dasatinib treatment led to a dramatic increase in the Gy progenitor
population in the bone marrow (Figure 2.16c-d). Because there was little
change in the overall number of engrafted bone marrow progenitors (Figure
2.12), these results suggest that marrow LSC are induced into quiescence by
TKI treatment. This quiescent state likely contributes to the protection of
marrow LSC in the continued presence of the TKI.

Quiescent, drug-resistant LSC have recently been described in AML

xenograft models in association with the bone marrow endosteal niche*®*’

, a
location previously described as a niche for normal bone marrow stem
cells?*®?* To investigate whether this phenomenon may also apply to BC
LSC we examined BC-engrafted bone marrow by immunohistochemistry and
immunofluorescence using human progenitor markers (CD45, CD34 and
CD38) and the cell cycle markers Ki-67 and phospho-Histone H3 (pHis-H3).
This analysis demonstrated uniform engraftment of CD45°CD34'CD38"

leukemic cells throughout the marrow space (Figure 2.17) Notably, despite this
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ubiquitous pattern of engraftment, analysis of both pHis-H3 and Ki-67 staining
revealed a distinct population of quiescent leukemic cells adjacent to the
endosteum (Figure 2.17a-b). Quantification of pHis-H3 staining confirmed that
mitotic cells were significantly more frequent in the central zone compared to
the endosteum of the marrow (Figure 2.17c). These data suggest that
quiescent BC LSC preferentially reside in the endosteal bone marrow niche of
untreated animals. We also examined marrow sections after treatment with
dasatinib. Consistent with our other data, analysis of dasatinib treated marrow
sections showed a dramatic decrease in Ki67 staining indicating induction of
quiescence (Figure 2.17d). These results corroborate our FACS data and
demonstrate that quiescent LSC are highly enriched in the bone marrow

environment following dasatinib treatment.
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Figure 2.15. Quiescent BC LSC are engrafted in both spleen and marrow but are
more frequent in the spleen. a) Representative FACS histograms of DiR signal
retention in CD45°CD38" BC cells engrafted in tumor, spleen, and bone marrow at 18
weeks post-transplant. b) DiR mean fluorescence intensity (MFI) of CD45°CD38" BC
cells engrafted in tumor (n=4), liver (n=4), spleen (n=3), and bone marrow (n=2).
Graph shows mean +/- SEM. Statistical analysis is by ANOVA; *** p<0.001 by Tukey
post-hoc analysis. ¢) Representative FACS plots showing cell cycle analysis of
CD45'CD34"CD38" BC cells engrafted in spleen and bone marrow. A Ki-67 FMO-
control is shown at far left. d) Quantification of the frequency of G2/S, G1 and GO
CD45'CD34*CD38" BC cells engrafted in spleen (n=10) and bone marrow (n=10).
Statistical comparison is shown for the GO population by unpaired t-test.
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Figure 2.16. Dasatinib treatment enriches for quiescent BC LSC in the marrow but
not the spleen. a and c¢) Representative FACS plots showing cell cycle analysis of
CD45'CD34"CD38" BC cells engrafted in spleen (top row) and bone marrow (bottom
row) following vehicle and dasatinib treatment. b and d) Quantification of G2/S, G1
and GO CD45'CD34'CD38" BC cells engrafted in spleen and bone marrow following
treatment with vehicle (n=10) and dasatinib (n=10). Both graphs show mean +/- SEM.
Statistical comparisons are shown for the GO population by unpaired t-test.
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Figure 2.17. Quiescent bone marrow niche LSC are enriched in the endosteal region
and following dasatinib treatment. a and b) Representative histological analyses of
BC engrafted bone marrow showing H&E, human specific CD45, CD34, CD38 and
Ki-67 and pHis-H3 staining. The dotted lines delineate the endosteal region (defined
as 5 cell widths (~50um) from the marrow edge). All scale bars equal 50um. c)
Quantification of endosteal pHis-H3 staining. Graph shows the mean +/- SEM number
of pHis-H3 positive cells per area for the endosteum versus the central zone for a
total of 30 separate fields (15 bones, 2 fields per bone). Statistical analysis is by
paired t-test. d) Quantification of CD34'Ki-67" cells in BC transplanted bones
following vehicle (n=3) or dasatinib (25mg/kg, n=3) treatment. Graph shows mean +/-
SEM. Statistical analysis is by unpaired t-test.
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2.2.4. Dasatinib-resistant LSC express pro-survival BCL2 family genes

Because pro-survival BCL2 family gene upregulation has been linked

with chemotherapy resistance'®*1%%1%

and because we observed striking
chemoprotection of BC LSC in the marrow niche, we hypothesized that the
marrow microenvironment may promote BCL2 family expression in engrafted
LSC. We analyzed BCL2 family expression in CD45°CD34°CD38lin" cells
sorted from spleen and marrow, using an apoptosis pathway qRT-PCR array
(Figure 2.18a). Pro-survival BCL2 was significantly upregulated in marrow
while MCL1, BCLX, BFL1 and BCLW were expressed but not significantly
different between the two niches. These findings were confirmed by splice-
isoform specific qRT-PCR and intracellular flow cytometric analysis of BCL2
protein (Figure 2.18b). In contrast, several pro-apoptotic genes were
significantly downregulated in marrow LSC, including BAX, BAK and BIM, and
there was a trend towards decreased BAD and BID expression. These data
suggest that the survival versus death balance of BCL2 family genes favors a
more pro-survival phenotype in marrow-niche LSC.

To investigate whether BCL2 expressing LSC may be localized to
particular spaces within the marrow, we next examined the distribution of
BCL2 family protein expression by immunohistochemical and
immunofluorescence analysis. We also examined BC engrafted bones

following dasatinib treatment to determine whether marrow niche BCL2

expression may correspond with dasatinib-resistance. Consistent with our
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gRT-PCR analysis, BC cells in the marrow were found to express both BCL2
and MCL1 protein (Figure 2.19a). Moreover, BCL2 and MCL1 staining was
highly correlated with CD34 and CD38 staining throughout the marrow space
(Figure 2.19a) as well as the endosteal region (Figure 2.19b). Intriguingly,
CD34"BCL2"MCL1" BC cells were more frequent in the ephiphyis compared
to the diaphysis of engrafted bones (Figure 2.19a and 2.20a). However,
despite this predilection for the epiphysis, both bone regions became
significantly enriched in BCL2" and MCL1" BC cells following dasatinib
treatment (Figure 2.20b). This effect was not due to activation of BCL2
expression because dasatinib treatment did not significantly change BCL2
expression per cell as measured by intracellular FACS analysis (Figure 2.20c).
These data suggest that dasatinib enriches for BCL2" and MCL1" cells by
killing non-expressing cells in the marrow. Dasatinib resistance in the marrow
niche is therefore associated with selection of BCL2 family expressing LSC in

addition to quiescence-induction (Figure 2.16 and 2.17).
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Figure 2.18. Marrow LSC differentially express BCL2 family genes compared to
spleen LSC. a) BCL2 family qRT-PCR array data of FACS-sorted progenitors from
engrafted mice (n=3). The graph depicts fold expression in marrow-engrafted
progenitors relative to spleen-engrafted progenitors, which are set at 1. All bars are
mean +/- SEM; * p<0.05 by unpaired t-test. b) BCL2, mRNA isoform expression and
BCL2 protein expression in marrow versus spleen-engrafted BC progenitors.
Statistical analysis for both graphs is by paired t-test.
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Figure 2.19. Marrow CD34" LSC express BCL2 and MCL1 protein. a) Representative
immunohistochemical analyses of gross (top) and endosteal (bottom) engraftment of
human CD34", BCL2" and MCL1" cells in mouse bone marrow. Scale bars equal
1mm in low-magnification images and 100um in high-magnification images. b)
Representative immunofluorescence analyses of CD38 and BCL2 co-staining in
marrow and endosteal niche (far right) engrafted BC cells. Scale bars equal 50um.
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Figure 2.20. BCL2 family expressing BC LSC are more frequent in the epiphyseal
region and are highly enriched following dasatinib treatment. a) Quantification of
CD34'BCL2" and CD34*MCL1" cells engrafted in the epiphysis and diaphysis of
untreated BC engrafted bone marrow (n=3 per group). Statistical analyses are by
unpaired t-test; ** p <0.01. b) Frequency of CD34"BCL2" and CD34"MCL1" BC cells
in the epiphysis and diaphysis of vehicle- (n=3) and dasatinib- treated (25mg/kg, n=3)
bone marrow. Statistical analysis is by 2-way ANOVA.. ¢) Relative BCL2 protein
expression in CD34°CD38" BC cells engrafted in bone marrow and treated with
vehicle (n=2) and dasatinib (n=3). Statistical analysis is by unpaired t-test. All graphs
show mean +/- SEM
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2.2.5. BC LSC are sensitive to sabutoclax, a pan-BCL2 family inhibitor

Expression of multiple pro-survival BCL2 genes in primary and
marrow niche-engrafted BC LSC suggested that inhibition of these genes may
target BC LSC in protective niches. Therefore, we tested a novel pan-BCL2
inhibitor, sabutoclax (BI-97C1), which is an optically pure derivative of
apogossypol that inhibits all pro-survival BCL2 family proteins?'®%'", on BC
LSC in vitro (experimental design: Figure 2.21).

First, we determined the specificity and efficacy of sabutoclax against
the BCL2 family and tested its ability to induce apoptosis. Using a
fluorescence polarization assay, we measured the potency of sabutoclax in
dissociating a BIM-peptide from the different BCL2 family proteins. As a
positive control, we also tested ABT-737, a potent and specific BCL2 and
BCLX, inhibitor*®. As expected, ABT-737 inhibited BIM binding to BCL2 and
BCLX. but had no effect on binding to MCL1 and BFL1 (Figure 2.22a). In
contrast, sabutoclax dissociated BIM from BCL2, MCL1, BCLX,. and BFL1
proteins at sub-micromolar concentrations (Table 2.3 and Figure 2.22b).
Sabutoclax induced apoptosis in K562 cells, a BCR-ABL-dependent leukemia
cell line, in a dose-dependent manner as measured by the accumulation of
cleaved caspase-3, a marker of activation of the intrinsic apoptotic pathway
(Figure 2.23a). In this assay, sabutoclax-induced caspase-3 activation was
similar to that induced by ABT-737. Sabutoclax also induced apoptosis in

primary CD34°CD38" BC CML cells (Figure 2.23b-c). Together these data
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demonstrate that sabutoclax is a specific BCL2 family inhibitor that activates
the intrinsic apoptotic pathway in CML cell lines and immature CML
progenitors.

Because BC LSC are chemo-protected in  supportive
microenvironments, we tested the anti-LSC efficacy of sabutoclax in a
genetically engineered SL/M2 stromal co-culture system that secretes human
GM-CSF, SCF and IL-3 and supports long-term survival of self-renewing
LSC*" (Figure 2.21). BC LSC had increased expression of pro-survival
BCL2,, MCL1,, BCLX, and BFL1, in the presence of SL/M2 stroma (Figure
2.24a). Notably, upregulation of these genes was similar when LSC were
cultured in SL/M2 conditioned media indicating that increased BCL2 family
gene expression was likely due to the secreted factors from the stroma rather
than cell-cell interactions. Despite stroma-induced pan-upregulation of pro-
survival BCL2 genes, sabutoclax treatment led to a dose-dependent reduction
in LSC survival (Figure 2.24b-c) and LSC colony formation (Figure 2.24d). In
both assays BC LSC were more sensitive to sabutoclax than normal
progenitors (Table 2.3) suggesting that, despite expression of the BCL2 family,
normal progenitors are less dependent upon these genes for their survival.
Consistent with these data, ABT-737 treatment was also more effective in
killing BC LSC than normal progenitors (Table 2.3 and Figure 2.25). In
addition, lentiviral-mediated short-hairpin RNA knockdown of BCLZ2 reduced
BC LSC clonogenicity but not that of normal progenitors (Figure 2.26). In these

experiments, BCL2 knockdown alone did not completely abrogate BC colony
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formation, possibly because of relatively low knockdown efficiency (~50%).
Also, colony inhibition by sabutoclax and ABT-737 was partially dependent on
the stromal microenvironment as both drugs were significantly more effective
in the absence of stroma (Figure 2.24d and Figure 2.25b). However, in both
conditions sabutoclax was significantly more potent against LSC than ABT-
737 (Table 2.3). Furthermore, in the presence of stroma, only sabutoclax was
more effective against BC LSC than normal progenitor cells. Taken together,
these data suggest that knockdown or inhibition of multiple BCL2 proteins may
be required to selectively eradicate BC LSC, especially in supportive

microenvironments.
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Figure 2.21. Experimental design for in vitro sabutoclax treatment: a) CD34" BC cells
were isolated and purified by ficoll-gradient and MACS and cultured either alone or in
the presence of SL/M2 stromal cells. b) CD34" BC cells were treated with sabutoclax
for 48 hours and apoptosis was measured by FACS. ¢) For the co-cultured cells,
sabutoclax treatment was given for 1-week. Following the treatment period the co-
cultures were harvested and split for analysis of viable progenitors by FACS (d) or for
colony assay (e). To measure colony formation, treated cells were plated on
methylcellulose and colonies were counted following an additional 2-week growth
period.
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Figure 2.22. Sabutoclax inhibits multiple BCL2 family proteins with high potency.
Fluorescence polarization assay analysis of ABT-737 (a) and sabutoclax (b) against
BCL2, MCL1, BCLX, and BFL1 protein bound to a BIM peptide. Graph shows mean
FITC fluorescence +/- SD from 2 replicate measurements.

Table 2.3. Characteristics of ABT-737 and sabutoclax and efficacy against normal
and BC progenitors cultured in vitro

Sabutoclax
ABT-737 (BI-97C1)
Structure C@er
O
ECa0 (uM) BCL2 0.13
50 (MIVl),
BCL2 family ?ACCLL)? 0'29
proteins SELT :20
Normal 2079
|C5o (nM),
FACS assay BC CML 249.7
p value 0.01
IC50 (NM), Normal 155.2
Colony assay BC CML 102
(with stroma) p value 0.66 <0.0001
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Figure 2.23. Sabutoclax induces caspase-3 cleavage in CML cells. a) Percent of
cleaved caspase-3 positive K562 cells following treatment with different doses of
ABT-737 and sabutoclax. Graph shows mean +/- SEM from 3 independent
experiments. b) Representative FACS plots of vehicle and sabutoclax treated BC
cells. The top row shows gating of CD34°CD38" cells while the bottom row shows
fluorescence histograms of cleaved caspase-3. ¢) Relative percent of cleaved
caspase-3 positive BC CD34"CD38" cells following treatment with different doses of
sabutoclax. Values are normalized to vehicle baseline. Graph shows mean +/- SEM

from 3 independent experiments.
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Figure 2.24. Sabutoclax targets BC LSC in the context of a protective bone marrow
microenvironment. a) qRT-PCR of pro-survival BCL2 family transcripts in FACS-
sorted BC progenitors after 1 week of culture in the presence of SL/M2 stroma (n=4
experiments) or SL/M2 conditioned media (n=2 experiments). Values are normalized
to no-stroma control. Graph shows mean +/- SEM. b) Representative FACS plots of
BC cells cultured on SL/M2 stromal cells and treated with either vehicle or sabutoclax
compared to SL/M2 only control cultures. The top row shows gating of live cells while
the bottom row shows gating of progenitor cells. ¢) FACS analysis of normal and BC
progenitors cultured on SL/M2 bone marrow stroma in the presence of sabutoclax.
Values are expressed as percent of vehicle treated control. Graph shows mean +/-
SEM from 5 different normal and BC samples and statistical comparisons by non-
linear regression analysis. d) Total colonies formed by normal and BC progenitors
following sabutcolax treatment in the presence and absence of SL/M2 stroma. Values
are expressed as percent of vehicle treated control. Graph shows mean +/- SEM from
3 different normal and 4 BC samples.
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Figure 2.25. ABT-737 targets BC LSC in vitro. a) FACS analysis of normal (n=5) and
BC (n=5) progenitors cultured on SL/M2 bone marrow stroma in the presence of ABT-
737. b) Total colonies formed by normal (n=2) and BC (n=3) progenitors following
ABT-737 treatment in the presence and absence of SL/M2 stroma. Values for both
graphs are expressed as percent of vehicle treated control. Both graphs show mean
+/- SEM. Statistical comparison is by non-linear regression analysis.
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Figure 2.26. shRNA-mediated knockdown of BCL2 inhibits BC but not normal colony
formation. a) Representative FACS plots of untransduced versus sh-Control and sh-
BCL2 transduced progenitors. b) Representative colonies from control or sh-BCL2
transduced progenitors. ¢) qRT-PCR of BCL2; mRNA in HEK29T and K562 cell lines
as well as primary normal and BC cells following transduction with control and sh-
BCL2 lentivirus (n=5 experiments for cells lines; n=3 colonies for each primary
sample type). d) Number of colonies formed by normal or BC progenitors following
transduction with control or sh-BCL2 lentivirus. Graph shows average colonies per
well for 4 different normal and BC samples and statistical analysis by paired t-test.
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2.2.6. Sabutoclax sensitizes marrow-niche engrafted BC LSC to dasatinib

To examine the necessity of pro-survival BCL2 family expression for
LSC engraftment, we tested the efficacy of sabutoclax against LSC in vivo
(experimental design: Figure 2.27). In BC-transplanted mice, sabutoclax
(5mg/kg) significantly reduced LSC engraftment in all hematopoietic tissues
(Table 2.4 and Figure 2.28a-b). Consistent with our in vitro results, there was
no significant reduction in normal progenitor engraftment following sabutoclax
treatment, while marrow LSC burden was significantly reduced (Figure 2.28c).
Sabutoclax-treated marrow also had reduced numbers of BCL2 and MCLA1
immunopositive cells (Figure 2.29a-b), a slight increase in G2/S cells (Figure
2.29c¢), and increased TUNEL" cells (Figure 2.29d), suggesting that quiescent,
BCL2 expressing LSC were killed by apoptosis.

We next examined whether sabutoclax could sensitize marrow niche
LSC to dasatinib. First, we quantified the TKIl-sensitizing effects of sabutoclax
in the presence of human LSC-supportive cytokines that are not secreted by
the mouse marrow. Equal numbers of human BC LSC were sorted from
sabutoclax or vehicle treated marrow into SL/M2 stromal co-cultures in the
presence of dasatinib (Figure 2.30a). In this ex vivo assay, sabutoclax pre-
treated progenitors were more sensitive to dasatinib than vehicle pre-treated
controls (Figure 2.30b). Next, BC-engrafted mice were treated with sabutoclax
(1.25mg/kg), dasatinib (25mg/kg) or a combination of the two drugs and LSC

engraftment was analyzed by FACS. While dasatinib and sabutoclax alone
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had no significant effect on marrow LSC engraftment at these lower doses,
there was significant reduction in marrow LSC after combination treatment
compared to vehicle treated controls (Table 2.5 and Figure 2.31a). At higher
doses (50mg/kg dasatinib, 2.5mg/kg sabutoclax), this difference was more
pronounced and there was ~90% reduction in LSC burden following
combination treatment (Table 2.5 and Figure 2.31c). We examined
combination treated marrow in more detail by immunohistochemical analysis.
Compared to dasatinib treatment alone, combination-treated marrows had
significantly reduced expression of BCL2 and MCL1 protein (Figure 3.32b) as
well as a trend toward increased Ki67 expression (Figure 3.32a). These
results suggest that sabutoclax sensitizes quiescent, BCL2 family-expressing
cells to dasatinib-mediated cell death. Finally, to test whether functional LSC
had truly been eliminated, we serially transplanted treated bone marrow into
secondary recipients and monitored survival time. Mice that received
combination-treated marrow had a significant survival advantage compared to
those that received dasatinib-treated marrow at both doses tested (Figure
2.31b-d). Overall our data demonstrate that dasatinib alone, while effective at
reducing primary leukemic burden, does not significantly eradicate bone
marrow-resident LSC. In contrast, combined dasatinib and sabutoclax therapy
significantly inhibits both primary and serial LSC engraftment suggesting that
TKl-resistance has been abrogated. Consistent with this effect, combination
treatment decreases the burden of quiescent and BCL2 expressing cells in the

marrow, which are enriched following dasatinib treatment alone.
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Figure 2.27. Experimental design for in vivo sabutoclax and combination treatment:
CD34" BC cells were isolated by ficoll-gradient and MACS and transplanted into
neonatal RAG2"y.” mice. Following a 6-10 week engraftment period, the
transplanted mice were split into cohorts and treated with sabutoclax (IP, 3 doses per
week), dasatinib (oral, 1 dose per day), sabutoclax + dasatinib, or vehicle for 2
weeks. After treatment, the mice were sacrificed and engraftment was measured by
FACS. In addition, whole bone marrow was harvested from the different cohorts mice
and transplanted into secondary recipients. Survival was followed in the secondary
recipients and engraftment was verified by FACS post-mortem.
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Figure 2.28. Sabutoclax targets engrafted BC LSC in vivo. a) Representative FACS
plots of BC cells engrafted in mouse bone marrow showing gating and measurement
of human CD45" cells and progenitors after treatment with either vehicle or
sabutoclax for 2 weeks and compared to no-transplant control marrow (left column).
b) Engraftment of BC progenitors in spleen, blood and bone marrow following vehicle
(n=27) and sabutoclax treatment (5mg/kg, n=26). ¢) Relative engraftment of normal
and BC progenitors in bone marrow following vehicle and sabutoclax treatment
(5mg/kg). Normal: vehicle n=6, sabutoclax n=6. Graphs b and ¢ show mean +/- SEM
for 3 different BC patient samples. * p<0.05, ** p<0.01 by Mann Whitney test.



Table 2.4. Sabutoclax effects on BC LSC engraftment in vivo

Mean (SEM) engraftment of CD34°CD38" cells

(Mann Whitney test)

Treatment Spleen Blood Marrow
Vehicle (n=27) 4.92 (12) 5.44 (17) 15.54 (4.5)
Sabutoclax (n=26) 1.39 (0.5) 1.36 (0.3) 8.02 (3.2)
p value 0.001 0.043 0.026
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Figure 2.29. Sabutoclax targets quiescent, BCL2'MCL1" marrow LSC. a)
Representative images of BCL2 and MCL1 immunohistochemical staining in BC
engrafted bone marrow following vehicle and sabutoclax treatment. The top row
shows raw bright-field images while the bottom row shows pseudocoloring for
quantification. Scale bars equal 100um. b) Quantification of BCL2" and MCL1" cells
in the endosteum of BC engrafted bone marrow following vehicle (n=3) and
sabutoclax (5mg/kg, n=3) treatment. Graph shows mean +/- SEM. ¢) FACS-cell cycle
analysis of human CD45" BC cells in the marrow of vehicle (n=6) and sabutoclax
(5mg/kg, n=5) treated mice. Graph shows mean +/- SEM. * p<0.05 by unpaired t-test.
d) Representative images of TUNEL staining of BC-engrafted bone marrow following
treatment with vehicle or sabutoclax (5mg/kg).
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Figure 2.30. /n vivo sabutoclax pre-treatment sensitizes BC LSC to dasatinib ex vivo.
a) Scheme and representative FACS plots of vehicle or sabuotclax pre-treated BC
progenitors before and after ex vivo treatment with dasatinib for 1 week in SL/M2 co-
culture. b) Frequency of live BC progenitors from vehicle (n=3) or sabutoclax
(5mg/kg, n=3) pre-treated mice following dasatinib treatment ex vivo (250nM). Graph
shows mean +/- SEM with statistical analysis by unpaired t-test.
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Figure 2.31. Sabutoclax in combination with dasatinib targets marrow engrafted BC
LSC. a) Relative engraftment of BC progenitors in spleen, blood and bone marrow
following treatment with vehicle (n=9), sabutoclax (1.25mg/kg, n=9), dasatinib
(25mg/kg, n=9) and sabutoclax in combination with dasatinib (n=11). Graph shows
mean +/- SEM. * p<0.05, ** p<0.01, *** p<0.001 by Kruskal-Wallis test with Dunn's
post-hoc analysis. b) Survival of mice following serial transplant with vehicle (n=12),
sabutoclax (n=10), dasatinib (n=10) or combination (n=13) treated whole bone
marrow. Statistical analysis is shown for dasatinib versus combination by log-rank
test. ¢) Relative engraftment of BC progenitors in hematopoietic tissues following
treatment with vehicle (n=2), sabutoclax (2.5mg, n=2), dasatinib (50mg/kg, n=3) and
sabutoclax in combination with dasatinib (n=2). Graph shows mean +/- SEM. * p<0.05
by unpaired t-test. d) Survival of mice following serially transplant with vehicle (n=5),
sabutoclax (n=5), dasatinib (n=3) or combination (n=4)-treated whole bone marrow.
Statistical analysis is shown for dasatinib versus combination by log-rank test.
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Table 2.5. Sabutoclax + dasatinib combination effects on BC LSC engraftment in vivo

Mean (SEM) engraftment of CD34°CD38" cells

combination)

Low Dose Soleen Blood Marrow 2° TP - Median
Treatment P survival (days)
Vehicle 78.5
(n=10) 16.8 (3.7) 12.5 (4.8) 35.4 (12.4) (n=12)
Sabutoclax 74
(n=9) 12 (2.7) 11.0 (3.8) 34.2 (12.5) (n=10)
Dasatinib 79
(n=9) 2.0 (0.8) 2.1 (0.9) 28.8 (10.7) (n=10)
Combination 88
(n=11) 0.6 (0.3) 0.6 (0.3) 15.5 (6.0) (n=13)
p value
(dasatinib vs. 0.07 0.07 0.22 0.054
combination)
High Dose 2° TP - Median
Treatment Spleen Blood Marrow survival (days)
Vehicle o7
(n=2) 10.3 (0.4) 27.7 (3.4) 38.58 (9.6) (n=5)
Sabutoclax 45
(n=2) 5.1(1.5) 24.5 (17.6) 30.01 (23.2) (n=5)
Dasatinib 43
(n=3) 0.2 (0.07) 3.1(2.4) 21.23 (2.4) (n=3)
Combination 72
(n=2) 0.19 (0.16) 0.4 (0.37) 4.54 (2.3) (n=4)
p value
(dasatinib vs. 0.91 0.44 0.018 0.01
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Figure 2.32. Sabutoclax targets quiescent, BCL2" and MCL1* BC LSC enriched by
dasatinib treatment. a) IHC-based quantification of CD34'Ki-67" BC cells in the
epiphysis and diaphysis of bone marrow treated with dasatinib alone (25mg/kg, n=3)
and dasatinib + sabutoclax (1.25mg/kg, n=3). b) Frequency of CD34'BCL2" and
CD34"MCL1" BC cells in the epiphysis and diaphysis of bone marrow treated with
dasatinib alone (25mg/kg, n=3) and dasatinib + sabutoclax (1.25mg/kg, n=3).
Statistical analysis is by 2-way ANOVA.
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2.3. Summary and discussion

Malignant reprogramming of human myeloid progenitors by
dysregulation of apoptosis is an important molecular mechanism driving blastic
transformation and therapeutic resistance of CML LSC. By analyzing FACS-
sorted CD34"CD38"lin" cells from primary patient samples, we demonstrate
that BC LSC harbor increased expression of multiple pro-survival BCL2 family
genes compared to both CP and normal progenitors. Moreover, this pro-
survival gene expression is further upregulated upon co-culture with cytokine-
secreting bone marrow stroma or engraftment into the bone marrow niche.
These data are consistent with previous reports demonstrating increased

BCL2 family expression in CML cells'®184189

and upregulation via niche-
dependent signals'®?. However, our study is unique in that we show pan-BCL2
upregulation in phenotypically and functionally defined BC LSC and we
demonstrate that niche-dependent BCL2 expression is associated with TKI-
resistance in vivo. We are also the first to examine isoform-specific BCL2
family expression in CML, which is important given that the BCL2 family is

spliced into variants with antithetical functions'®'®’

. Alternative splicing of
apoptosis genes thus represents a novel mechanism that may skew the
balance of pro-death and pro-survival factors and contribute to apoptosis-
resistance in LSC.

In addition to altered BCL2 family expression, we identify a number of

other apoptosis-related genes that are differentially expressed between
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normal, CP and BC progenitors. Surprisingly, many of the genes and isoforms
that are upregulated in BC LSC are pro-apoptotic. At the same time, this is
balanced by increased expression of pro-survival signaling kinases, such as
PI3K and JAK (Figure A.1), increased BCR-ABL expression (Figure 2.3) and
increased expression of multiple pro-survival BCL2 family genes (Figure 2.3
and 2.6). Together these results suggest that BC LSC may be primed for both
extrinsic and intrinsic apoptosis, but that they are unable to initiate caspase-
cascade activation because of the presence of numerous pro-survival factors.
This apoptosis-priming may be due to global genetic instability, which is

caused by the prolonged presence of BCR-ABL'20248:249

, and which likely
leads to activation of apoptosis regulators such as p53 (summarized in Figure
2.33). Apoptosis-priming may also explain why BC LSC are sensitive to BCL2
inhibition while normal progenitors are more resistant (Figure 2.24-2.26): BC
LSC appear to be under a greater degree of pro-apoptotic pressure. Notably, a
number of the genes differentially expressed in BC progenitors are regulators
of NF-kB signaling. The NF-kB signaling complex regulates innate immune
responses downstream of TNF receptor activation®® and promotes apoptosis-
resistance in response to toxic stimuli by transcriptional activation of pro-

survival genes®'%%?

. Thus, deregulation of this pathway could represent
another important mechanism for promoting LSC survival as well as a
mechanism for how LSC evade immune clearance by TNF receptor-mediated

pathways.
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Using a RAG2"yc™ xenograft model of BC CML, we demonstrate that
phenotypic LSC are protected from TKI-mediated cell death when engrafted in
the marrow microenvironment compared with extramedullary hematopoietic
niches suggesting that LSC are subject to marrow-specific cytoprotection
(summarized in Figure 2.34). This niche-specific protection is independent of
BCR-ABL kinase activity as demonstrated by nanoproteomic phospho-CRKL
analysis. Thus, while dasatinib treatment effectively reduces overall leukemic
burden in BC-engrafted mice, it does not fully eliminate LSC and mice serially
transplanted with dasatinib-treated bone marrow rapidly develop CML (Figure
2.13). These data add to previous findings that CML LSC are not
oncogenically addicted to BCR-ABL and instead depend on BCR-ABL-
independent survival mechanisms®®. Our findings expand on this concept by
identifying pro-survival BCL2 family expression as an important niche-specific
survival mechanism and molecular target for CML LSC. The mechanisms that
underlie these expression changes will be important for future study.

Using cell cycle and immunofluorescence analysis of engrafted bone
marrow we show that quiescent CML LSC engraft the bone marrow niche and
are enriched in the endosteal region, consistent with studies done in AML
xenograft models®’. Moreover, immunohistochemical analysis demonstrates
that endosteal niche LSC express pro-survival BCL2 and MCL1 proteins.
Strikingly, dasatinib treatment enriches for quiescent bone marrow LSC.
Quiescent stem cells are known to have enhanced engraftment potential'’®,

which could explain why mice serially transplanted with dasatinib-treated
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marrow still develop CML despite receiving fewer phenotypic LSC. Our results
suggest that BCL2 family expression may also be associated with this
enhanced transplant-ability because dasatinib also enriches for BCL2 and
MCL1 expressing cells in the marrow.

In contrast to dasatinib, BC LSC in stromal co-culture or the marrow
are sensitive to a novel pan-BCL2 inhibitor, sabutoclax?'®?'". Sabutoclax also
sensitizes marrow-niche LSC to TKI-treatment suggesting that bone marrow-
specific TKI protection is predicated, at least in part, on BCL2 family
expression in the niche that can be overcome with a pan-inhibitor. Also, unlike
dasatinib, sabutoclax treatment does not significantly enrich for marrow Gg
cells despite reducing LSC engraftment, indicating that quiescent cells are
targeted with this compound. This is evidenced by our observation that in
combination-treated marrow there is a trend toward more frequent Ki67* LSC
compared to dasatinib-treated marrow (Figure 2.32). Finally, combination
treatment significantly improves the survival of serially transplanted mice
(Figure 2.31) indicating that significant numbers of functional LSC have been
eliminated.

While BCL2 inhibition has been previously explored for CML, most

191,253

studies have focused on CML cell lines or primary CD34" cells grown in

culture®®* rather than primary, self-renewing CML BC LSC in selective niches.
Moreover, published reports do not address the potential antithetical roles of
BCL2 family splice isoforms or the role of the malignant microenvironment in

7191,254

promoting LSC survival. Furthermore, treatment with ABT-73 , a potent
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BCL2 and BCLX, inhibitor, does not inhibit MCL1, or BFL12°%?" which have

210-212 and

been shown to accelerate leukemogenesis'®', mediate resistance
which are upregulated in CML progenitors during progression from CP to BC
(Figure 2.3 and 2.6). Because inhibition of both subfamilies of pro-survival
BCL2 family proteins is necessary for apoptosis initiation®>°, inhibition
strategies that include MCL1 would be expected to be more successful than
those that only target BCL2'"*. Pan-BCL2 inhibition may therefore prove more
effective at targeting LSC that express multiple BCL2 family proteins and
upregulate these genes in response to niche-dependent stimuli in vivo. In
addition, our findings may also have relevance for the elimination of solid
tumor cells where metastasis and survival in the metastatic niche are
mediated by pro-survival BCL2 family expression'®. Thus, pan-BCL2
inhibition with novel small molecules like sabutoclax could provide an

important new component of combination therapies that target a broad array of

CSC residing in protective niches.



107

0 000000000000000000
ooo..oo“' G000
000\8 55900
R 799%
LR .......oooooooooooooooooocoooo...... 000
OO0 206
o.o"". Dasatinib "00000
oo _ et
Oncogenic l
Stress \
Pro-death .
. . —> Apoptosis
BCR-ABL mediators
e
\q\ﬁ%}\&@ 4@@@@@@;} b,
AR \ggb/%‘\
D, Pro-survival | Sabutoc]
o L ‘% mediators abutociax
Genetic instability é (BCL2 family,etc.)
}%:V\W
&=
“@a / \
N7 A
S P Pemas, et
Dasatinib —‘ BCR-ABL
..0... Growth factor ..0..
....... receptor .......o
OO C I
000.. O O e e e e NSO @ 0 0 O & 0 e ety | ..000
O O
206 OO
....... .......

Niche factors
(cytokines, etc.)

Figure 2.33. Proposed model for BCL2 family regulation of BC LSC survival and TKI-
resistance: BC LSC are primed for apoptosis due to the prolonged effects of BCR-
ABL, which induces genetic instability and oncogenic stress, and leads to the
upregulation of regulators such as p53 and other pro-apoptotic genes. However, BC
LSC fail to initiate intrinsic apoptosis due to concurrent upregulation of pro-survival
mediators (such as BCL2 family genes) via upregulation of BCR-ABL and other pro-
survival pathways such as RAS, JAK, and PI3K-mediated signaling. BC LSC are
sensitive to BCL2 inhibition because it removes the pro-survival component thereby
allowing apoptosis to proceed. Apoptosis can also be initiated by dasatinib, which
activates pro-death mediators via p53 and inhibits pro-survival mediators by blocking
BCR-ABL. In the niche, additional survival pathways are active (via cytokines and
other niche factors) and converge to activate pro-survival BCL2 family genes. These
pathways compensate for the pro-death activity of dasatinib and mediate niche-
dependent TKl-resistance. Sabutoclax is effective in the niche because it inhibits this
compensatory pro-survival stimulation thus sensitizing LSC to the effects of dasatinib.
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Figure 2.34. Summary: Sabutoclax sensitizes bone marrow-niche engrafted BC LSC
to dasatinib-mediated apoptosis. While transplanted BC progenitors engraft multiple
hematopoietic niches, these cells are differentially sensitive to dasatinib depending on
their in vivo location. Both progenitors and bulk CML cells are highly sensitive to
dasatinib in extramedullary niches including spleen, liver and blood while progenitors
engrafted in bone marrow are dasatinib-resistant. This resistance is associated with
an increased pro-survival gene signature including upregulated BCL2 expression.
However, bone marrow engrafted LSC are sensitive to the pan-BCL2 inhibitor,
sabutoclax, which also sensitizes these cells to treatment with dasatinib. Thus
sabutoclax may be useful in combination with dasatinib to target CML in all niches.
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2.4. Materials and Methods

2.4.1. Patient sample preparation and FACS sorting

Normal cord blood and adult peripheral blood samples were
purchased from All Cells. CML samples were obtained from consenting
patients at the University of California San Diego, Stanford University, the
University of Toronto Health Network, MD Anderson and the University of
Bologna according to Institutional Review Board approved protocols. CD34"
cells were initially purified by magnetic bead separation (MACS; Miltenyi,
Bergisch Gladbach, Germany) followed by FACS progenitor purification using
human-specific CD34 and CD38 antibodies as previously described®“°.
Peripheral blood mononuclear cells (PBMC) were extracted from peripheral
blood following Ficoll density centrifugation, CD34" selected, stained with
fluorescent conjugated antibodies, and analyzed and purified and analyzed

using a FACS Aria and Flowjo software as described previously®**°.

2.4.2. Quantitative RT-PCR

20,000-50,000 hematopoietic progenitor cells were sorted from the
indicated cell populations using FACS Aria, total RNA was isolated and cDNA
was synthesized as described previously***°. Quantitative PCR (qRT-PCR)
was performed in duplicate on an iCycler using SYBR GreenER Super Mix

(Life Technologies, Carlsbad, California), 5ng of template mRNA and 0.4mM
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of each forward and reverse primer. Splice isoform-specific primers were
designed for BCL2, MCL1, BCLX, and BFL1 and isoform specificity was
confirmed by sequencing of each PCR product. The following primers were
used:

BCL2, Forward: atgtgtgtggagagcgtcaa
BCL2, Reverse: ttcagagacagccaggagaaa
MCL1, Forward: agaccttacgacgggttgg
MCL1, Reverse: aatcctgccccagtttgtta
MCL1s Forward: gaggaggacgagttgtaccg
MCL1s Reverse: actccacaaacccatccttg
BCLX, Forward: catggcagcagtaaagcaag
BCLX, Reverse: gaaggagaaaaaggccacaa
BFL1, Forward: gctgggaaaatggctttg
BFL1, Reverse: tcagaaaaattaggccggttt
BCR-ABL Forward: ctccagactgtccacagcat
BCR-ABL Reverse: ccctgaggctcaaagtcaga
HPRT Forward: cgtcttgctcgagatgtgatg
HPRT Reverse: tttatagccccccttgagcac
mRNA levels for each transcript were normalized to HPRT and compared

using the delta-delta CT method®®°.
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2.4.3. Transcriptome sequencing and analysis

50,000 normal and BC CML progenitor cells were sorted directly into
RLT buffer as described above. For each sample, approximately 100ng of total
RNA was treated using a RiboMinus standard protocol (Life Technologies,
#K155002). The SOLID™ Total RNA-Seq kit (Applied Biosystems, #4445374)
was used to prepare libraries. Samples were run on SOLID v.3 plus
instruments with a target read number of > 50 million 50bp unpaired
reads/sample.

We used a two-pass procedure to first remove mouse-derived RNA-
seq reads and to remove adapter sequence within RNA-seq reads. In the first
pass, we aligned all reads to the mm9 and hg19 mouse and human genome
reference sequences using v0.12.7 of bowtie. We disregarded from further
analysis any reads that aligned to the mouse genome with fewer mismatches
and any reads that mapped to tRNA or rRNA genes or to the mitochondrion.
Unmapped reads were subjected to SOLID P1 and P2 adapter trimming with
v1.0 of the cutadapt program. In the second pass, the adapter-trimmed
sequences were re-filtered against the mouse genome and tRNA, rRNA, and
mitochrondrion as in pass one. The hg19-aligned sequences from pass one
and pass two and the unmapped reads from pass two were combined into one
set of sequences. We aligned this pooled set of sequences to the hg19
RefSeq transcriptome using v0.6.4f of bfast+bwa bwaln in three steps, where
in steps two and three the unaligned reads from the previous step were 3’

trimmed by 5bp. We converted the transcriptome alignment coordinates of
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each aligned read to hg19 genome coordinates using a custom script (Barrett
and Frazer 2012, unpublished). Finally, we used these coordinate-converted
reads and the RefSeq isoform models as input to v1.0.3 of the cuffdiff program

from the Cufflinks software suite to compute differential expression.

2.4.4. BCL2 and MCL1 FACS-protein analyses

Normal, CP CML and BC CML CD34" selected cells were stained with
lineage antibodies and progenitor antibodies as described previously***°, and
fixed with 0.8% paraformaldehyde (PFA) for 10 min. Fixed cells were washed
and stained overnight with a FITC-conjugated mouse monoclonal antibody
specific for human BCL2 (Dako, #F7053) or isotype-control antibody diluted in
0.15% Saponin (TCI America). For MCL1 analysis, cells were stained with a
monoclonal rabbit antibody specific for human MCL1 (Abcam #ab32087)%*" or
isotype-control antibody conjugated to alexa-405 (Zenon kit, Life
Technologies). The next day, cells were washed and analyzed using a FACS
Aria and Flowjo software. Mean fluorescence intensity (MFI) for BCL2 and

257,258

MCL1 was measured for each CML sample and normalized to a normal

cord blood control sample in the same experiment.

2.4.5. In vivo analyses

Immunocompromised RAG2"'yC"‘ mice were bred and maintained in

the University of California San Diego Moores Cancer Center vivarium.
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Neonatal mice were transplanted intrahepatically with 50,000-200,000 CD34"
cells according to our previously published methods®**°. Transplanted mice
were screened for tumor formation or human engraftment in peripheral blood
by FACS at 6-8 weeks post-transplant. Upon detection of tumors, peripheral
blood engraftment, or at 8-12 weeks post-transplant engrafted mice were
treated for 2 weeks with dasatinib (daily, 50mg/kg/day in 50% PEG, 50% PBS
by oral gavage), sabutoclax (3 days per week, 5mg/kg/day in 10% EtOH, 10%
Cremaphor EL (Sigma Aldrich) 80% PBS by IP injection), or drug vehicles.
Twenty-four hours post-treatment (10-14 weeks post-transplant), mice were
euthanized and single cell suspensions of hematopoietic tissues were
analyzed for human engraftment by FACS as described previously***°. For in
vivo combination studies, dasatinib was used at 25 or 50mg/kg while sabutclax
was used at 1.25 or 2.5mg/kg with the same dosing regimen described above.
For serial transplantation, whole mouse bone marrows were pooled from mice
in the same treatment group. Total bone marrow cells were counted using
Guava ViaCount Reagent and analysis on a Guava PCA system (Millipore)
and transplanted in equal numbers into secondary neonatal recipients by
intrahepatic injection. 250,000-500,000 whole bone marrow cells per mouse

were transplanted.
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2.4.6. DiR staining and measurement by FACS

50,000 CD34" CML cells were isolated as described previously and
stained with 4mg/mL DiR (Life Technologies) in PBS according to the
manufacturer's specifications. DIiR stained cells were then washed and
transplanted into neonatal mice. After 18 weeks, mice were sacrificed and
hematopoietic tissues were analyzed by FACS for human DiR" cells. DiR MFI

was measured in human CD38linPI" cells engrafted in each tissue.

2.4.7. FACS cell cycle analysis

Single cell suspensions of bone marrow cells from mice treated with
sabutoclax or vehicle were immunostained with Alexa405-conjugated anti-
human CDA45 (Life Technologies), Alexa647-anti-human CD38 (AbD Serotec)
and biotin-anti-human CD34 (Life Technologies) plus Alexa488-strepavidin
(Life Technologies) in 2% fetal bovine serum/ PBS. followed by live cell
staining using the LIVEDEAD® Fixable Near-IR Dead Cell Stain Kit (Life
Technologies). Surface-stained cells were fixed in 70% ethanol overnight.
Fixed, surface-stained cells were immunostained with PE-conjugated anti-Ki-
67 (BD Biosciences) in 0.15% saponin/ 2% fetal bovine serum/ PBS., washed
twice in saponin-containing staining media and incubated with 7-AAD (Life
Technologies, 10ug/mL in 0.1M sodium citrate/ 5mM EDTA pH8.0/ 0.15M
NaCl/ 0.5% BSA/ 0.02% saponin). Stained samples were analyzed using a

MACSQuant (Miltenyi Biotec) and FlowJo software.
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2.4.8. Bone marrow IHC and IF

For IHC, femurs were harvested from transplanted, treated animals,
fixed and decalcified in Cal-Ex Il (Fisher Scientific, Fair Lawn, NJ) for 48 hrs,
followed by standard tissue processing, paraffin-embedding and sectioning.
Paraffin tissue sections were deparaffinized, rehydrated, and boiled in antigen
retrieval solution (BD, California) (pH 6.0) for 10 min to retrieve antigen.
Tissues were blocked with 5% bovine serum albumin (BSA) and 0.25% Triton
X-100 in PBS for 30 min and incubated with primary antibody in PBS with 1%
BSA at 4 °C for 16 h. Primary antibodies used were human CD45 (Abcam)
and Ki-67 (BD). IHC staining was then carried out with LSAB System-HRP Kit
(Dako Cytomation, Hamburg, Germany) according to manufacturer’s protocol
using methyl green (Sigma Aldrich) as counterstaining. Omission of primary
antibodies was used as a negative control and showed no staining. All
sections were mounted before examination using a Nikon Eclipse E600
microscope.

For IF, femurs were fixed in 4% PFA (EMS, Hatfield, PA) for 1 hour,
decalcified in 0.23M EDTA pH 7.0 for 4 days by changing the decalcifying
solution twice daily, dehydrated in 30% sucrose and frozen in OCT. For
immunostaining, cryoprotected tissue was sectioned at 10mm, washed with
PBS’, fixed with 4% PFA for 10 minutes and rinsed with PBS". Sections were
incubated with 5% normal donkey serum/0.2% Triton X-100 for 1 hour at room
temperature followed by incubation with primary antibodies overnight at 4°C.

Mouse antibodies were used with MOM kit (Vector, Burlingame, CA). Mouse
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antibodies were used with MOM kit (Vector, Burlingame, CA). Primary
antibodies used were anti-phospho-histone H3, Ser10 (1:500, Cell Signaling,
Inc.), anti-human Ki-67 (1:300, Spring Bioscience), anti-human CD34 (1:250,
BD Biosciences), Alexa 647-conjugated anti-human CD38 (1:25, Serotec) and
FITC-conjugated anti human BCL2 (1:25, Dako). Slides were washed in PBS’
and incubated with secondary antibody (Alexa 594-conjugated donkey anti-
mouse or rabbit, Invitrogen) for 1 hour at room temperature. Stained sections
were mounted using Prolong® Gold antifade with DAPI (Invitrogen).
Epifluorescent images were acquired using confocal microscopy (Zeiss
LSM510 or Olympus Fluoview FV10i) and Adobe Photoshop CS5.

Quantification of phospho-histone H3 was performed as follows: first,
the endosteum was defined as the region within 50um (approximately 5 cell-
widths) from the edge of the marrow. The area of this 50um-wide strip and the
area of the remaining marrow tissue were then measured using Image-J
software. Finally, the number of phospho-histone H3 positive cells in each
region was counted and the frequency of these cells was calculated as the
number of positive cells per area of tissue.

For apoptosis analysis, bone marrows were stained using the
ApopTag fluorescein in situ TUNEL apoptosis detection kit (Chemicon,
#S7110) following the manufacturer’s protocol. Sections were mounted as
above. Images were acquired using an Applied Imaging Ariol SL-50

automated scanning microscope and image analysis system.
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2.4.9. Nanofluidic phospho-proteomic immunoassay

NPI experiments were performed with the Nanopro 1000 instrument
(Cell Biosciences) and all samples were run in triplicate at least. Briefly, for
each capillary analysis, 4nl of 10mg/mL lysate was diluted to 0.2 mg/mL in
200nl HNG (20mM HEPES pH 7.5, 25mM NaCl, 0.1%, 10% glycerol, Sigma
Phosphatase Inhibitor Cocktail 1 diluted 1:100 and Calbiochem Protease
Inhibitor diluted 1:100). 200nl sample mix containing internal pl standards was
added. The Firefly system first performed a charge-based separation
(isoelectric focusing) in a 5-cm-long, 100-micron-inner-diameter capillary.
Predicted pls were calculated with Scansite. Each sample was run on a panel
of different pH gradients (pH 3—-10 and pH 2-11) to optimize the resolution of
different peak patterns. After separation and photo-activated in-capillary
immobilization, CRKL was detected using CRKL-specific antibody (Cell
Signaling Technology). B2-microglubulin antibody (Upstate) was used to
normalize the amount of loaded protein. Phosphorylation peaks were
quantified by manually selecting the start and end of each peak and a flat
baseline and calculating the area under the curve (AUC). The NPI data was
normalized to B2M by dividing the measured peak area for the protein of

interest by the measured peak area for B2M.
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2.4.10. RT-PCR apoptosis array

FACS-sorted progenitors cells were analyzed using OpenArray
"nanoplate” technology (Life Technologies). Briefly, 20,000 progenitor cells
were sorted from the bone marrow and spleen of BC engrafted mice into lysis
buffer (Cell-to-Ct kit, Life Technologies) followed by DNAse treatment and
reverse transcription reaction. 20ul of cDNA was pre-amplified for 12 cycles
with a pool of gene-specific Tagman assays spotted on Tagman Apoptosis
OpenArray. The diluted (1:20) pre-amplified cDNA (1.5ul) was mixed with
GeneFast Tagman PCR mix (3.5ul) (Life Technologies, Inc) and dispensed
into the OpenArray plate. Twenty-four cDNA samples were tested
simultaneously per OpenArray plate. Real-time PCR occurred in a computer-
controlled imagin NT OpenArray thermal cycler. The amplification curves for
each through-hole in the array were constructed from collected images, from
which cycle threshold (Ct) was computed and used for further data analysis.
Gene levels were normalized to the geometric mean of RPLPO, ACTB, PPIA,

PGK1 and B2M and compared using the delta-delta CT method.

2.4.11. Bone marrow BCL2 and MCL1 IHC analysis

Bone specimens were fixed and mildly decalcified in Bouin’s solution
(Sigma-Aldrich, St. Louis, MO) for 8 h at room temperature, then postfixed in
zinc-containing buffered formalin (Z-Fix; Anatech Ltd., Battle Creek, MI) for 3

days at +4°C, and embedded in paraffin. Dewaxed tissue sections (4—5um)
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were immunostained as previously reported®*®

using mouse monoclonal
antibody to CD34 (Dako Cytomation, Carpinteria, CA) and rabbit polyclonal
BCL2 and MCL1 antibodies raised in the Reed laboratory against synthetic
peptides®®*?®!. The slides were scanned at an absolute magnification of 400x
(resolution of 0.25 uym/pixel (100,000 pix/in.)) using the Aperio ScanScope CS
system (Aperio Technologies, Vista, CA). The Spectrum Analysis algorithm

package and ImageScope analysis software (version 9; Aperio Technologies,

Inc.) were applied to quantify IHC stainings®®.

2.4.12. SL/M2 co-culture

The mouse bone marrow stromal cell lines M2-10B4 (M2) and SL/SL
(SL) were provided by StemCell Technologies on behalf of Dr. Donna Hogge
in the Terry Fox Laboratory (Vancouver, British Colombia) and maintained
according to previously published methods?*”. One day prior to co-culture, the
cell lines were treated with mitomycin-C (1mg/mL for 3 hours) and plated in a
1:1 mixture at a total concentration of 100,000/mL. 10,000-20,000 CD34" CML
or normal cells were plated on top of the adherent SL/M2 cells, cultured for 1-4
weeks in Myelocult H5100 media (StemCell Technologies) and the frequency

of live human progenitor cells was quantified by FACS.

2.4.13. Competitive peptide displacement assays

Briefly, 20nM of GST-BCL2 proteins were incubated with sabutoclax
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or ABT-737 at various concentrations for 5minutes at room temperature in
PBS. 15nM FITC-Bim BH3 peptide (FITC-Ahx-
DMRPEIWIAQELRRIGDEFNAYYAR) was added and fluorescence
polarization was measured after 10 minutes as described previously?®>. ECsg
determinations were generated by fitting the experimental data using a

sigmoidal dose-response nonlinear regression model.

2.4.14. In vitro drug treatment and apoptosis analysis

Cultures of CD34" CML and normal cells were maintained alone in
Stempro media (Invitrogen) or on SL/M2 stroma as described above. One day
after plating, cultured cells were treated with different concentrations of
sabutoclax diluted in DMSO. After 1 week of -culture, live
CD45"CD34"CD38'lin” cells were quantified by FACS analysis. For analysis of
apoptosis, treated cells were harvested after 24 hours and analyzed for
activated caspase-3 by FACS using the NucView-488 assay (Biotium,
Hayward, California) according to the manufacturer's specifications. Best-fit
lines and ICso determinations were generated by fitting the experimental data
using a sigmoidal dose-response nonlinear regression model with vehicle

controls set at 1nM to facilitate plotting the data on a log-scale.
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2.4.15. Colony assays

Following in vitro culture in Stempro media or with SL/M2 stroma,
human cells were harvested, counted by trypan blue exclusion or by using
Guava ViaCount Reagent and analysis on a Guava PCA system (Millipore),
and 100-200 cells were plated per well of a 24-well plate in Methocult media

(Stemcell Technologies). After 2 weeks, total colonies were counted.

2.4.16. Lentivirus transduction

SMARTVector 2.0 lentiviral particles containing shRNA specific to
human BCL2 and control shRNA were purchased from Thermo-Dharmacon
(Lafayette, Colorado, #SK-003307). shBCL2 lentiviruses were tested by
transduction of 293T cells and K562 cells and knockdown of ~50% of BCL2
transcripts was confirmed by qRT-PCR on the transduced cells. Transduction
was then performed on FACS-sorted CD34"CD38lin"PI" CML and normal cells
using our previously published methods®®. shBCL2 and shControl transduced
cells were FACS-sorted into Methocult media (20-50 cells per well of a 96-well
plate, 5-10 wells per condition) and total colonies were counted for each

condition after 2 weeks of culture.

2.4.17. Ex vivo drug treatment

Neonatal mice were transplanted with 100,00 CD34" BC cells and

were treated with 5mg/kg sabutoclax (n=3) or vehicle (n=3) starting at 8 weeks
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post-transplant as previously described. After 72 hours of treatment the mice
were sacrificed, bone marrow was harvested, and progenitors were FACS-
sorted from each individual mouse. 10,000-20,000 sorted progenitors from the
individual mice were then distributed per well onto confluent SL/M2 stroma in
24-well plates and treated with increasing doses of dasatinib for 1 week. After
the 1-week treatment the co-cultures were harvested and analyzed for live BC

progenitor cells by FACS as described above.

2.4.18. Statistical analysis
Statistical analyses were performed with the aid of Microsoft Excel,
SAS version 9.2 and Graphpad Prism software and are indicated in the figure

legends.
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3. Conclusions and future studies

Cancer prevention, diagnosis and treatment have undoubtedly
improved over the last 30 years. However, despite our best efforts, many
cancers remain incurable and relapse continues to be a huge clinical problem.
Recent advances in cell sorting and methods for assaying tumorigenic cells in
vivo have led to the discovery of putative CSC in many malignancies. These
cells are believed to be directly responsible for cancer recurrence because
they can survive treatment and re-proliferate to form a new tumor. While
traditional therapies can delay recurrence, they are not curative because they
do not specifically target the CSC population. Development of curative
therapies for these malignancies will therefore require an understanding of
how CSC evade current treatment regimens so that they may be better and
more specifically targeted.

CML is a relatively rare cancer but represents an important tool for
studying CSC-driven malignancy. Because the genetic cause of CML is well
understood and its cellular origin has been phenotypically characterized, CML
LSC can be readily quantified and purified for molecular analyses. In addition,
because the disease progresses through distinguishable stages that can be
modeled in vivo, CML affords an opportunity to study how CSC evolve over
time. Because CML LSC are characteristically resistant to therapy, the study
of these cells can shed light on the molecular mechanisms that contribute to

CSC survival and cancer relapse. These studies may in turn lead
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to novel therapeutic approaches for efficiently and specifically eliminating CML
LSC and potentially CSC in general.

Our recent studies of CML identify aberrant BCL2 family gene
expression as an important mediator of LSC survival and therapy-resistance.
By analysis of BCL2 family mRNA and protein in functionally-defined and
FACS-purified LSC derived from primary CML patients we demonstrate that
pro-survival BCL2 family genes are globally upregulated in BC LSC and that
increased expression of these genes is a hallmark of disease progression.
Furthermore, we show that pro-survival BCL2 expression is induced by
supportive microenvironments, such as the bone marrow, and correlates with
niche-specific quiescence and TKI protection. Consistent with these findings,
we demonstrate that sabutoclax, a novel pan-BCL2 inhibitor, can kill BC LSC
in protective microenvironments. Moreover, sabutoclax is more effective
against LSC than normal progenitor cells. Finally, we show that sabutoclax
can sensitize bone marrow niche-LSC to TKI-mediated cell death, and in
combination with dasatinib, significantly delays disease relapse in secondarily
transplanted mice.

Overall our results suggest that pro-survival BCL2 proteins are
important molecular targets for eliminating CML LSC. At the same time, these
results raise several questions about the role of BCL2 family gene expression
in CML development and progression. It also remains to be determined
exactly how BCL2 family expression increases in BC LSC. While our results

suggest that BCL2 expression mediates niche-dependent TKI resistance,
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there are likely other mechanisms that also contribute to resistance in the
marrow environment. Finally, our findings are potentially clinically significant
because they suggest that a BCL2 inhibitor may be useful in conjunction with
standard treatments for CML. This may be especially relevant for the
treatment of patients with advanced disease who do not typically respond to
TKls alone. However, despite these obvious clinical implications, further
preclinical studies will be necessary to optimize the therapeutic effect of
combination treatment. More work must also be done to determine how best to
identify candidates for treatment and how best to monitor treatment efficacy.
Together, this information may allow for BCL2 targeting strategies to be more

broadly translated to the treatment of other CSC-driven malignancies.

3.1. Exploring further the role of individual BCL2 family genes in CML

LSC survival and maintenance

Our in vitro studies using sabutoclax, ABT-737 and shRNA
demonstrate clearly that clonogenic BC CML cells rely on BCL2 for their
survival. This has been further echoed by Mak and colleagues who show that
ABT-737 can target CD34" CML cells in vitro®®*. However, we also show that
primary CML LSC simultaneously express 5 different pro-survival BCL2 family
genes (BCL2, MCL1, BCLX, BFL1, BCLW - Figure 2.3 and 2.8). This, together
with the fact that sabutoclax more potently inhibits LSC than ABT-737 (Table

2.3), suggests that other pro-survival genes besides BCL2 are also important
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mediators of LSC survival. These data raise important questions regarding the
role of individual BCL2 family genes in LSC: are only some genes functionally
significant while others are just bystanders? Or, do all pro-survival BCL2 family
genes contribute equally to CML LSC survival? What about TKI-resistance?

In addition to their role in inducing apoptosis resistance, BCL2 family
genes may also contribute to other stem cell functions, such as self-renewal,
quiescence and differentiation. MCL1, for example, has been previously
shown to be required for normal HSC self-renewal rather than survival®’.
Likewise, forced BCL2 expression maintains embryonic stem cell self-renewal
in the absence of feeder cells®®. BCL2 and BCLX have also been linked with
quiescence, as overexpression of these genes lengthens G4 and promotes
entry into the Gy phase of the cell cycle?®?%. Consistent with these data, we
show that quiescence induction in CML LSC occurs in parallel with enrichment
of BCL2 family-expressing cells (Figure 2.20). However, whether MCL1 and
other BCL2 family genes directly contribute to CML LSC self-renewal and
quiescence has not yet been elucidated. Moreover, if BCL2 family genes do
contribute to these functions in LSC, are they simply redundant or do they
each play a unique role in the biology of CML LSC?

Whereas expression of BCL2 genes may promote stem cell
maintenance, loss could contribute to differentiation. Evidence for this comes
from experiments performed in our lab using apogossypol, a lower potency
pan-BCL2 inhibitor. In these experiments, apogossypol treatment led to a

dose-dependent enrichment of lineage positive cells both in vitro and in vivo
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(Figure 3.1a-c, e). There was also a shift in the frequency of myeloid
progenitors from CMP to GMP, a more differentiated progenitor subtype
(Figure 3.1d). Both effects were specific to apogossypol and were not
observed when cells were treated with dasatinib (Figure 3.1e). These results
suggest that loss of BCL2 family function may induce LSC differentiation.
Furthermore, that these same effects were not observed with sabutoclax
suggests that the degree of BCL2 inhibition may determine whether the
response is apoptosis or differentiation induction. However, if apogossypol
truly does induce differentiation is it predominantly by inhibition of one BCL2
family gene or many at the same time?

To begin to answer these questions we have put together a library of
shRNAs that target the different pro-survival BCL2 family genes. Using this
library, it will hopefully be possible to determine the relative importance of
each gene for LSC survival, as well as other stem cell functions such as self-
renewal, quiescence and differentiation. Furthermore, the relative importance
of the different genes in mediating TKI-resistance can be assayed by
challenging cultured LSC with dasatinib following shRNA knockdown.
Sequential knockdown of the BCL2 family genes can also be used to
determine which are necessary for LSC survival, engraftment and TKI-

resistance in vivo.
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Figure 3.1. Apogossypol treatment induces "differentiation"” of blast crisis progenitors.
a) Representative FACS plots of vehicle and apogossypol treated blast crisis cells
cultured in vitro. b) Quantification of lineage positive blast crisis cells following
treatment with either vehicle or two different doses of apogossypol. Graph shows a
representative experiment; n=3 replicate wells per condition. ¢,d) Quantification of
lineage positive cells, CMP and GMP following treatment with vehicle, apogossypol,
dasatinib and both drugs in combination. Both graphs show a representative
experiment; n=3 replicate wells per condition. e) Quantification of lineage positive
cells engrafted in the liver, spleen and marrow of blast crisis transplanted mice
following treatment with vehicle (n=6 mice) and apogossypol (60mg/kg, n=6 mice). All
statistical analyses are by unpaired t-test.
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3.2. The role of BCL2 family genes in CML progression

In addition to the above questions, there is still much that needs to be
established concerning the role of BCL2 family genes in CML progression. Our
data demonstrate that pro-survival BCL2 family gene expression is increased
in blast crisis myeloid progenitors compared to those in chronic phase.
However, the question remains: does this increased expression cause
progression or is it simply a result of progression?

Evidence for a causative role has come from studies of transgenic
overexpression of BCL2 and BCR-ABL in murine HSC. In these experiments,
BCR-ABL alone induced chronic phase CML, but was not sufficient to trigger
blast crisis. However, the addition of BCL2 led to the development of blast
crisis-like acute leukemia®*. Mechanistically, how might BCL2 contribute to
the oncogenic effects of BCR-ABL? The most likely explanation is that it
compensates for BCR-ABL-mediated activation of cell-death pathways. This
effect has been demonstrated, for example, in MYC-driven leukemia, which is
greatly enhanced by co-expression of any of the pro-survival BCL2 family
genes'®’. Similarly, over-activation of self-renewal pathways such as WNT/p-
catenin is toxic and depletes the stem cell population®®’ unless it occurs in the
background of BCL2 overexpression'?’. Despite these data, a causative role
for most of the pro-survival BCL2 family genes has not yet been described for
CML progression. To address this we are assembling a library of

overexpression vectors for each gene that can be tested alongside BCR-ABL



131
(Figure 3.2a-c). Using these vectors it will be possible to test and compare the
potency of the different BCL2 family genes in promoting BCR-ABL-mediated
leukemogenesis. Furthermore, the importance of these genes for blast crisis
LSC development can be tested by forcing overexpression in chronic phase
progenitors and measuring colony formation, replating and transplantation
potential.

At this point we have performed preliminary experiments on BCL2
overexpression in normal cord blood and chronic phase CML CD34" cells. In
these experiments BCL2 overexpression alone had no effect on overall colony
numbers in either sample type (Figure 3.2d). However, there was a trend
toward increased replating efficiency in both types of progenitor cells upon
overexpression of BCL2 (Figure 3.2e). Intriguingly, other experiments in our
lab have recently demonstrated that forced overexpression of BCR-ABL
actually decreases the self-renewal of normal CD34" cells both in vitro and in
vivo (Angela Court-Recart and Jessica Rusert, unpublished data). An
implication of these results is that BCR-ABL expression must occur in concert
with some other factor(s) in order to induce transformation of normal
progenitors. Whether BCL2 is this factor can be tested by co-overexpression
of BCR-ABL together with BCL2. Going forward, it would also be interesting to
test whether and to what extent the other BCL2 family genes may protect

against BCR-ABL-mediated reduction in self-renewal.
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Figure 3.2. Effects of BCL2 overexpression on normal and chronic phase progenitor
colony formation and replating: a) Representative bright-field and fluorescence
images of empty vector and pCMV-BCL2 transfected HEK29T cells. b) Relative
BCL2. mRNA expression in empty vector and pCMV-BCL2 transfected HEK293T
cells compared to untransfected control cells. ¢) Western blot analysis of BCL2
protein in empty vector and pCMV-BCL2 transfected HEK293T cells. d) Number of
colonies per well formed by normal and CP CML progenitors following transduction
with pCMV-BCL2 and empty vector control lentivirus. e) Replating efficiency of
normal and CP CML colonies following transduction with pCMV-BCL2 and empty
vector control lentivirus. Panel d and e show mean +/- SEM for 2 independent
experiments.
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3.3. Mechanisms of BCL2 family upregulation in BC LSC

Our data clearly show that pro-survival BCL2 genes are globally
upregulated in the progenitor population with CML progression. However, the
exact mechanism for their increased expression remains unclear. One
possibility is that GMP, which are enriched in blast crisis, normally express
more of these genes than other myeloid progenitors. In this case increased
expression would simply reflect expansion of the GMP population. To
investigate this possibility, we measured BCL2 protein levels in different
progenitor populations using intracellular FACS. This analysis demonstrated
that CD123" cells (GMP/CMP) express similar amounts of BCL2 protein as
CD123 cells (MEP) in the same sample (Figure 3.3a). Moreover, we observed
the same trends for increased BCL2 expression in both the stem and
progenitor populations (Figure 3.3b), and BCL2 protein expression was ~1.5-2
fold increased in blast crisis GMP/CMP (CD34'CD38"CD123") specifically
(Figure 3.3c). Together these data suggest that increased BCL2 protein in
blast crisis reflects changes in gene expression within individual stem and
progenitor cells rather than just enrichment of the GMP population.

How might intracellular BCL2 family expression increase in CML
progenitors over time? Our data show that BCL2 and MCL1 protein and
MRNA levels are increased in CP versus BC progenitors to a similar degree
(Figure 2.3 and 2.6). This suggests that changes in expression are due to

increased transcription. BCR-ABL would be the most obvious candidate for
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causing these changes because it is upregulated in blast crisis LSC (Figure
2.3) and has been previously shown to transcriptionally regulate pro-survival
BCL2 family genes'®*'%. However, correlation analysis between BCR-ABL
and the BCL2 family demonstrated that only BCLX_ expression was closely
linked to BCR-ABL levels in these cells (Figure 2.5). While we cannot rule out
that increased BCR-ABL activity may account for the observed changes, these
data suggest that increased BCL2 family expression is independent of BCR-
ABL. Numerous other oncogenic signaling pathways transcriptionally regulate
the BCL2 family. Many of these are activated in LSC and may promote CML
progression including the WNT/B-catenin®***%4*, JAK-STAT (Angela Court-
Recart et al., manuscript in preparation) and Sonic-Hedgehog'? (Alice Shih et
al., manuscript in preparation) signaling pathways. In addition, whole-
transcriptome RNA-sequencing analysis suggests that PI3K and RAS
signaling is upregulated in blast crisis LSC (Figure A.1). These and our other
RNA sequencing results must still be validated, but for now suggest that
increased expression of BCL2 family genes is the result of complex
redundancy and overlap between many activated signaling pathways. The
actual pattern of these pathways is likely patient-specific, which could account
for the heterogeneity of BCL2 family expression observed in primary patient
samples.

In addition to increased transcription, CML progression could also be
associated with changes in BCL2 family protein modifications. Many of the

pathways described above, for example, also affect BCL2 family protein
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stability and activity by phosphorylation'®

. One potentially interesting regulator
of the BCL2 family is GSK3[3, a kinase downstream of WNT and PI3K that is
differentially spliced in blast crisis LSC**. While GSK3p is known to modulate
MCL1 stability?**?%®, whether this enzyme also regulates other BCL2 family
proteins has not been reported. There have also been no reports as to how
GSK3p may affect BCL2 expression in CML LSC. In preliminary experiments,
we have observed that overexpression of full-length GSK33 decreases BCL2
protein levels in LSC (Figure 3.4). However, this effect is diminished when the
splice variant is used. These data suggest that GSK3p mis-splicing may
contribute to blast crisis LSC function by upregulation of BCL2. Whether this is
due to changes in protein stability, similar to the regulation of MCL1, remains
to be determined. Nevertheless, altered GSK3 splicing represents a potential
novel mechanism for increased BCL2 expression in CML LSC. In addition to
investigating this pathway, we are also exploring whether BCL2
phosphorylation patterns may be globally altered in LSC. To do this, we are
developing methods to quantify different BCL2 protein modifications using a
nano-fluidics proteomics assay (Figure 3.5).

Finally, there are several unexplored mechanisms that could account
for increased BCL2 family expression in blast crisis LSC. For example, genetic
instability could lead to chromosomal duplications that affect BCL2 family
genes. Instability could also lead to point mutations in promotors or coding
regions of these genes that could affect transcription or mRNA stability. At the

epigenome level there is evidence that CML progression is associated with
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269,270

chromatin remodeling and altered methylation These epigenetic

changes could directly affect BCL2 family genes or could lead to loss of

suppressors such as miRNAs?""

, some of which are known to regulate BCL2
family expression'®®. To explore some of these mechanisms we are currently
performing full-exome sequencing as well as copy number variation (CNV)
analysis on FACS-sorted CML progenitors. Analysis of miRNAs using an
expression-array could also be used to identify which miRNAs may be
differentially expressed with CML progression, while methylation changes
could be assayed by whole-genome bi-sulfite sequencing. However, for the

time being it is unknown whether any of these mechanisms contribute to

changes in BCL2 family expression in CML LSC.
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Figure 3.3. BCL2 protein expression in different primitive populations: a) BCL2 mean
fluorescence intensity (MFI) of CD123 and CD123" progenitor fractions of 13 primary
CML samples. Graph shows median with statistical analysis by Mann Whitney test.
b) BCL2 MFI of stem (CD34°CD38"), progenitor (CD34"CD38"), CD123" progenitor
and CD123" progenitor cells in primary CP (n=6) and BC (n=7) samples. Graph
shows mean +/- SEM. Statistical analyses are by 2-way ANOVA. c) Relative BCL2
protein expression in CD123" progenitors from CP (n=6) and BC (n=7) samples
versus that in normal samples (n=6). Graph shows mean +/- SEM. Statistical analysis
is by unpaired t-test.
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3.4. The role of the niche in regulating LSC survival

One of our most important findings is that the marrow niche can
regulate CML LSC sensitivity to TKI-treatment. Specifically, our data show that
LSC engrafted in the bone marrow are highly resistant to dasatinib while those
in other hematopoietic niches (liver, spleen, blood, and tumor) are sensitive
(Figure 2.12). Because the BCL2 family has been previously linked to TKI-
resistance in CML'', we investigated whether these genes play a role in
niche-mediated LSC resistance in our xenograft models. Using gqRT-PCR and
immunohistochemical analysis, we show that bone marrow LSC express
multiple pro-survival BCL2 family genes. Bone marrow LSC also have
increased expression of BCL2 mRNA and protein, and decreased expression
of several pro-death BH3-only genes (Figure 2.18 and 2.19). Thus bone
marrow TKIl-resistance is correlated with a shift in the balance of BCL2 family
gene expression that favors a more pro-survival phenotype. Consistent with
these data, bone marrow TKI-resistance is reduced by co-treatment with a
pan-BCL2 inhibitor. Together these results indicate that the marrow niche
mediates TKl-resistance, in part, by regulation of BCL2 family genes.
However, these data also raise some important questions: 1) By what
mechanisms does the niche modulate BCL2 family expression in LSC? 2)
Could niche resistance be explained by other mechanisms as well? 3) Which,
if any, of these mechanisms might play a role in the bone marrow of actual

CML patients?



139

Niche-mediated changes in BCL2 expression could result from several
different mechanisms. The most obvious possibilities are factors secreted or
expressed on the surface of stromal cells within the niche. Cytokines such as
IL-3, GM-CSF and SCF, for example, are known to exert their pro-survival
effects via induction of BCL2 family genes'>*'**?"2 These soluble factors have
also been shown to mediate resistance to BCR-ABL inhibition via upregulation
of genes such as BCLX, and MCL1'%%, Our data demonstrate that these
pathways are active in CML LSC because co-culture on SL/M2 stromal cells,
which secrete several cytokines?*’, leads to induction of multiple BCL2 family
genes in vitro (Figure 2.24a). In addition to soluble factors, adhesion
molecules are known regulators of BCL2 family genes. Among these are
integrins that induce transcription of BCL2 via RAS, PI3K-AKT and ERK-

dependent pathways®’*%"°

. Integrins also contribute to contact-dependent
protection of leukemia cells from chemotherapeutic drugs®’®. Likewise,
adherence to bone marrow fibronectin via VLA-4 promotes leukemia cell
survival by activation of PI3K and downstream BCL2?’. CXCR4, an
inflammatory chemokine receptor, plays an interesting role in mediating cross
talk between cytokine- and adherence-dependent survival. This receptor is
upregulated in response to soluble factors from the marrow microenvironment.
CXCR4 signaling in turn induces expression of integrins that promote survival
as described above. This signaling cascade may be especially important for

drug-resistance in CML because it is activated in response to TKIs and

appears to trigger LSC homing to the bone marrow niche?’®. Overall, these
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data suggest that marrow-induced BCL2 expression in our models may be the
product of both cytokine- and adhesion-dependent signaling. To investigate
which exact mechanisms are at work, we are in the process of analyzing CML
LSC sorted from bone marrow versus spleen by RNA sequencing. We are
also comparing marrow LSC before and after dasatinib-treatment, and
marrow-engrafted LSC to the same phenotypic cells pre-transplant (Figure 3.6
- progenitors and 3.7 - stem cells). In addition to these analyses it would be
informative to know precisely which cytokines are active in the bone marrow
compared to the other hematopoietic environments of our mouse models.

Other mechanisms could also explain the niche-resistance we
observe in vivo. One possibility is niche-specific hypoxia. The marrow is a
naturally hypoxic environment that has been shown to diminish BCR-ABL
protein levels and select for cells resistant to TKIs?'%?®'. Hypoxia also induces
transcriptional regulators such as HIF-1a, which enhances CML cell
metabolism and appears to be required for survival of LSC?®??3%, However,
hypoxia alone may not explain dasatinib-resistance in our models. In these
mice, CML cells form myeloid sarcomas that are characterized by
disorganized vasculature and large areas of necrosis. These tumors are
presumably hypoxic, yet cells in the tumor niche remain very responsive to
dasatinib (Figure 2.12d). These data suggest either that hypoxia is not
sufficient to drive resistance in this model or that cells in the tumors have a

defective hypoxic response. This discrepancy could be resolved by sorting
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cells from both the tumor and marrow niches, and comparing the hypoxic
responses of each subset in culture.

Another possible mechanism for resistance could be that TKIs do not
efficiently penetrate into the marrow niche. Our data suggest that this is
probably not the case because marrow LSC have dramatically reduced
phosphorylated CRKL levels following dasatinib treatment (Figure 2.14).
However, it remains possible that specific zones in the niche may be more or
less permissive to TKiIs. If so, we would expect resistant LSC to be enriched
within specific areas of the marrow. On the other hand, specific patterns of
LSC resistance could also be explained by location-specific quiescence
induction. In this case the drug adequately reaches the target cells but fails to
damage the cells because they are in an inactive state. This mechanism has
been demonstrated in AML xenografts. In these models quiescent cells are
enriched in the endosteal region, and the pattern of quiescence matches the

4041 Consistent with these results, we observe

pattern of drug-resistance
enrichment of quiescent cells in the endosteal region of our CML-transplanted
mice (Figure 2.17). Moreover, both FACS analysis and IHC demonstrate that
the percentage of quiescent CML LSC in the marrow greatly increases
following dasatinib treatment (Figure 2.16 and 2.17). Despite these data, it is
not clear whether the quiescent fraction increases because of selective
enrichment of previously non-dividing cells or because of TKI-mediated

induction of quiescence in cycling cells. It also remains to be determined

whether the patterns of LSC resistance and quiescence overlap within the
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endosteal region. Alternatively, resistance and quiescence of CML LSC could
correspond with engraftment in other bone marrow niches, such as the
perivascular niche?®. To investigate these different possibilities, we plan to
examine the patterns of LSC engraftment and quiescence in the marrow
following dasatinib treatment. The fate of quiescent LSC could also be tracked
by pre-labeling bone marrow engrafted cells with bromodeoxyuridine (BrdU)
prior to treating with dasatinib.

In contrast to the mechanisms described above, a different
explanation for our observations could be that the cells engrafted in the
marrow and spleen are fundamentally different, and thus have variable
intrinsic resistance to TKIls. This would imply that, rather than niche-specific
induction of survival pathways, there is instead preferential homing of
inherently resistant cells to the marrow. Our data for this is inconclusive at this
point. For example, FACS analysis of human cells engrafted in the different
hematopoietic niches shows that they are phenotypically indistinguishable in
some models, but phenotypically different in others (Figure 3.8). Despite these
patient-specific differences, both types of models behave similarly in response
to dasatinib -the resistant population is largely restricted to the marrow (Figure
3.9).

Our phenotypic characterization is admittedly limited and could be
improved by the analysis of additional markers. In the end, detailed
characterization may reveal that bone marrow engrafted cells are indeed

unique compared to those in other niches. At the same time it should be noted
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that phenotype is not necessarily static and does not necessarily define the
cell's function. For example, melanoma cells differentially express an array of
surface markers that can be used to sort sub-populations of marker-positive
and -negative cells. However, after separation both sub-populations can re-
establish a homeostatic mix of marker-positive and -negative cells, and these
surface markers turn out to be useless for selecting tumor-initiating cells from
bulk cells. These data demonstrate that, at least in melanoma, surface marker
expression is dynamic and fluctuating®®?*. Based on this we cannot say with
certainty that CML cells in the bone marrow are unique just because their
surface marker expression is different. It is plausible that CML LSC are
abundant in all the hematopoietic niches but simply change their surface
marker expression in response to local micro-environmental cues. Ultimately,
the only way to distinguish whether LSC are exclusive to one niche would be
to test the ability of cells from all niches to serially transplant secondary
recipients. On this point we know from experience that cells derived from the
different niches can serially transplant CML. Moreover, serially engrafted CML
cells can be detected in every hematopoietic tissue following transplant,
regardless of the source material. These data suggest that each niche
contains similarly functional CML LSC. However, a strict quantitative
assessment of the number of LSC residing in each niche has not yet been
performed. To make this assessment, limiting dilution assays should be done
using identical CML progenitors sorted from each microenvironment. Because

of patient heterogeneity, it would also be best if this analysis were done for
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every patient independently. This assay would also allow for a qualitative
analysis of how the cells from each niche compare with regards to homing and
phenotype.

Finally, as a complement to all of the studies discussed above, the
role of other survival mechanisms should also be investigated both in primary
CML progenitors as well as in the different hematopoietic microenvironments.
Our RNA-sequencing data suggest that many novel apoptosis related genes
and splice isoforms may be dysregulated in primary (Figure 2.8 and 2.9) and
marrow-engrafted BC cells (Figure 3.6 and 3.7). However the relative
expression profiles and function of these genes will have to be verified using
more traditional assays. In addition, BCL2-dependent and other resistance
mechanisms should be confirmed in the marrow of actual CML patients. We
propose to do this, in part, by adapting our immunofluorescence and
immunohistochemistry assays for use on human marrow sections. Expression
analyses could also be performed on phenotypic LSC sorted from the same
patient before and after TKI treatment, and comparing blood and bone
marrow. In addition to confirming whether the BCL2 family and other genes
are expressed in human marrow-resident LSC, these studies may be helpful
for establishing the cause of resistance as well as for predicting how best to

overcome that resistance in individual patients.
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Figure 3.6. Engraftment in the bone marrow niche alters the expression of the BCL2
family and other apoptosis genes in BC progenitors. a) Fold change of significantly
differentially expressed splice isoforms in bone marrow engrafted BC progenitors
(CD34"CD38" cells) versus pre-transplantation progenitors. BCL2 family isoforms are
highlighted in red. b) Summary of the top-10 splice isoforms with decreased and
increased expression in BC progenitors following engraftment in the marrow. c)
Relative expression of BCL2 family genes in marrow engrafted versus pre-transplant
BC progenitors.
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Figure 3.7. Engraftment in the bone marrow niche alters the expression of several

BCL2 family and other apoptosis genes in BC stem cells. a) Fold change of
significantly differentially expressed splice isoforms in bone marrow engrafted BC
stem cells (CD34°CD38" cells) versus pre-transplantation stem cells. BCL2 family
isoforms are highlighted in red. b) Summary of the top-10 splice isoforms with
decreased and increased expression in BC stem cells following engraftment in the

marrow.
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Figure 3.8. The phenotype of engrafted BC CML progenitors is either niche-
independent or niche-dependent, depending on the patient sample. a) Representative
FACS plots showing the phenotype of human progenitor cells engrafted in the liver,
spleen and bone marrow of BC transplanted mice. The top row shows patient B12
while the bottom row shows patient B11. Gating is also shown for FMO controls (far
left column). b) Quantification of phenotypic CMP, GMP and MEP engrafted in the
liver, spleen and marrow of mice transplanted with patient B12 (n=8 mice) or patient
B11 (n=6 mice)-derived progenitors. Graphs show mean +/- SEM.
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Figure 3.9. Bone marrow engrafted BC CML progenitors are consistently resistant to
dasatinib regardless of the patient sample. Relative tissue engraftment of CD45"
CD34'CD38" BC cells derived from two different patients following treatment with
vehicle (n=5 and n=4 respectively) and dasatinib (25mg/kg, n=5 and n=4
respectively). Both graphs show mean +/- SEM. All values are normalized to vehicle
treatment.
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3.5. Optimizing BCL2 family inhibition for targeting BC LSC

As described in chapter 2.2.6, we tested two different sub-therapeutic
doses of sabutoclax (1.25mg/kg and 2.5mg/kg) in combination with dasatinib
in vivo. This strategy was useful because it helped to better resolve the
differences between single agent and combination treatment. Our data clearly
demonstrate a therapeutic benefit from the combination and show that the
benefit is dose-dependent. This result is especially apparent in the serial
transplant experiments where low dose combination treatment delays relapse
by ~1-2 weeks, while high dose combination treatment delays relapse by ~1
month (Figure 2.31). However, at the doses we tested LSC were not
completely eliminated, because mice serially transplanted with combination-
treated marrow eventually succumbed to leukemia (Figure 3.10). Obviously,
the next step will be to optimize the doses of both drugs in an attempt to
eliminate all possible LSC. Unfortunately, sabutoclax and combination toxicity
is also likely to become a significant issue.

In our hands, 5mg/kg sabutoclax was the maximally tolerable dose for
a 2 week, 3 doses per week, |IP-dosing regimen. At this dose, sabutoclax
toxicity was manifest by local inflammation at the site of IP injection along with
moderate wasting and weight loss due to diarrhea (Figure 3.11a-b). In most
cases these effects improved over time as the mice adjusted to dosing.
However, at higher doses toxicity was much more pronounced and

irreversible. Higher doses also induced significant intestinal and fat necrosis
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that was observed upon necropsy. While 5mg/kg sabutoclax was tolerated, the
addition of 50mg/kg dasatinib was poorly tolerated and led to the re-
emergence of profound gut toxicity. Histological analysis of mice treated with
these doses of sabutoclax and dasatinib showed marked shortening and
destruction of the intestinal villi. While villi damage was apparent with
sabutoclax alone, it was greatly exaggerated by the addition of dasatinib
(Figure 3.11c). This toxicity was lessened but still significant at 2.5mg/kg
sabutoclax (which is why there were few primary mice treated at this dose).
Toxicity was minimal when the doses of both drugs were halved (final dose:
1.25mg/kg sabutoclax and 25mg/kg dasatinib, figure 2.31a-b). These data
suggest that, in addition to a combined therapeutic effect, sabutoclax and
dasatinib have a combined toxicity profile. This of course has serious
ramifications for the potential to translate sabutoclax to clinical use. However,
improvements in sabutoclax formulation and dosing may largely alleviate
these problems.

Recent experiments have demonstrated that sabutoclax may be more
efficacious and less toxic when administered intravenously (IV). In our hands,
10-20mg/kg single agent sabutoclax was tolerated using IV dosing, albeit with
some weight loss. Moreover, at 5-10mg/kg, sabutoclax could be safely
administered in combination with 25mg/kg dasatinib with little toxicity. This
suggests that combination toxicity is largely a local effect and can be avoided
by systemic administration of the drug. IV dosing has the added advantage of

increasing the bioavailability of sabutoclax. Pharmacokinetic studies by our
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colleagues at the Burnham Institute have shown that IP administered
sabutoclax is only ~20% bioavailable compared to IV administered drug. IV
sabutoclax also has a relatively long half-life in plasma (~15 hours) which
could allow for less frequent dosing. Together, these data suggest that by
switching to an IV dosing regimen we may be able to significantly minimize
toxicity and dramatically increase the therapeutic effect of combination
treatment. Thus future experiments will focus on optimizing
dasatinib/sabutoclax treatment in vivo using this modified dosing scheme.

Despite its promise, sabutoclax is not the only BH3 mimetic that could
be used to treat LSC. ABT-737 and obatoclax, for example, have also been
shown to synergize with other chemotherapeutics to kill cancer cells?®"298:2%4,
Our data show that sabutoclax is more potent than ABT (Table 2.3),
presumably because ABT fails to inhibit MCL1 and BFL1, which we show are
expressed in CML LSC (Figure 2.3). However, it is plausible that LSC from
some patients may rely exclusively on BCL2. In these cases combination
treatment with ABT may be perfectly adequate. This raises the point that
genetic profiling of a patient's LSC could be used to predict which BH3
mimetic would be the most efficacious. Along these lines, it would be
worthwhile to have a detailed comparison of the efficacy and toxicity profiles of
all the different BH3 mimetics against LSC in vivo. In the end, these data
would ideally assist us in choosing the best BH3 mimetic for a particular

patient.
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Figure 3.10. Mice serially transplanted with treated bone marrow ultimately develop
high-level leukemic engraftment. Representative FACS plots of mice serially
transplanted with vehicle, sabutoclax, dasatinib and combination-treated whole bone
marrow showing engraftment of human CD45" cells.
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treated mice. Note the extensive shortening of the intestinal villi in the combination
treated mouse.
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3.6. Translating BCL2 inhibition to other CSC-driven malignancies

Overall, our studies demonstrate that BCL2 family genes are
important mediators of LSC survival in blast crisis CML. We also show that
LSC are resistant to standard TKI-treatment and that this resistance is driven
in part by engraftment into the bone marrow niche, which induces upregulation
of pro-survival BCL2. Importantly, we demonstrate that niche-dependent drug
resistance can be overcome by using a pan-BCL2 inhibitor and that targeting
of the BCL2 family sensitizes functional LSC to standard therapeutic agents,
which they normally evade. Thus our data suggest that BCL2 inhibition may
be a cornerstone of combination therapies that can target and eradicate drug-
resistant CML LSC. Since CML is a paradigm for CSC-driven malignancy, the
next question is whether we can translate this combination approach to
treating CSC in other cancers?

BCL2 family genes are expressed by a large variety of hematologic
malignancies and solid tumors, and many of these cancers are sensitive to
BCL2 family inhibitors, at least in vitro'*'®"*?® Moreover, CSC have now
been identified in a number of these tumor types?®®. However, a link between
BCL2 family expression and CSC function has not yet been established in
most malignancies. Chemotherapy resistance and relapse are common
themes in cancer, and many of these problems could conceivably depend
upon subsets of CSC that express various amounts of pro-survival BCL2

genes. Therefore going forward, it would be interesting to apply our techniques
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to survey BCL2 family expression in different CSC-driven cancers, especially
those with a high risk of drug-resistance and relapse. Because leukemia cells
are readily FACS-sortable, we plan to first extend our analysis into phenotypic
LSC from these malignancies, including AML and myelodysplastic syndrome
(MDS).

In addition to their importance for the function of CSC, our data
suggest that expression of BCL2 family genes may be particularly relevant to
protective niches. Presumably, there other CSC-driven cancers where niche-
specific BCL2 expression is responsible for increased survival and drug-
resistance. We plan to explore this possibility in other xenograft models, such
as multiple myeloma, AML and T-ALL, which also engraft various
hematopoietic niches. This concept may also extend to the survival of solid
tumor CSC in metastatic niches, where cells must endure a harsh transition to
a new microenvironment'. It would be very interesting to examine to what
extent BCL2 family expression plays a role in metastasis and whether
metastatic disease may be particularly susceptible to BCL2 inhibition. Along
these lines, we have begun investigating pro-survival BCL2 family expression
in primary prostate cancer cells xenografted into bone, one of the most
common metastatic sites for this disease®®. In these models, androgen-
dependent prostate cancer cells cannot grow in castrated animals if they are
transplanted subcutaneously, but readily proliferate when transplanted into the
bone marrow (Christina Jamieson, manuscript in preparation). This result

indicates that the marrow environment provides a pro-survival stimulus to
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these cells that compensates for the lack of androgens. Using qRT-PCR
analysis of cells derived from castrated versus intact animals, we observed
that castration was associated with significant upregulation of pro-survival
BCL2 in bone-engrafted cells (Figure 3.12). These data suggest that the niche
induces BCL2 expression, which may in turn promote resistance to the sudden
lack of androgens that comes with castration. This raises the possibility of
using a BCL2 family antagonist to target bone-metastatic prostate cancer.
Interestingly, prostate cancer cells were recently shown to be sensitive to
sabutoclax in vivo?’®, though it was not shown whether these results extend to
androgen-dependent cells or whether sabutoclax may target bone-metastatic
prostate cancer cells. It would therefore be interesting to further investigate the
role of the BCL2 family in this model and in driving apoptosis-resistance in

other metastatic cancers.

Bone engrafted cells
p =0.004
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Figure 3.12. Pro-survival BCL2 expression is increased in bone marrow engrafted
prostate cancer cells following castration. qRT-PCR analysis showing relative BCL2,
mRNA expression in prostate cancer cells harvested from the bone of intact (n=3)
versus castrated (n=3) mice. Graph show mean +/- SEM. Statistical analysis is by
unpaired t-test.
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3.7. Summary

The last decades have provided significant advances to the treatment
of cancer. Unfortunately, despite an impressive repertoire of therapeutics,
cures for most cancers have, tragically, remained elusive. However, there is
reason to be optimistic. Many studies have illuminated the role of CSC in
driving cancer development and relapse. These studies suggest that by
dealing effectively with CSC we may be able to completely eradicate some
malignancies. There is thus great interest in uncovering the mechanisms that
these cells use to evade treatment. These results may in turn lead directly to
the development of therapeutic strategies that can be used to overcome CSC.

Our studies are significant because they demonstrate a role for the
BCL2 family in promoting the progression, drug-resistance and relapse of blast
crisis CML. Moreover, our data show that these processes are driven by LSC
that reside in the protective bone marrow niche, and show that these cells can
be effectively targeted with standard therapeutic agents if the BCL2 family is
inhibited simultaneously. These results are important not just because of their
clinical implications for CML, but because of their potential application to other
malignant processes. Whether involved in drug-resistance or metastasis,
apoptosis-resistance is a critical recurring theme in cancer. Our data thus
provide a platform for using a pan-BCL2 inhibitor as a means to disrupt this
resistance in CSC. In a broader sense, this strategy may ultimately prove

useful for eliminating CSC in general.
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Table A.1. Apoptosis genes significantly differentially expressed in normal versus BC

rogenitors

Gene Expression (FPKM)* Fold p value q value

Normal mean BC mean

ENSG00000150991 _UBC 127080 25355 0.20 1.9E-11 1.8E-09
ENSG00000104856_RELB 3745 206 0.05 1.1E-08 6.0E-07
ENSG00000104312_RIPK2 57362 14463 0.25 3.3E-08 1.6E-06
ENSG00000215788 TNFRSF25 911 5732 6.30 | 2.2E-07 8.6E-06
ENSG00000026103_FAS 650 4204 6.46 9.3E-07 3.0E-05
ENSG00000069399 BCL3 2351 193 0.08 1.7E-06 5.0E-05
ENSG00000169372 CRADD 1275 5350 420 | 2.5E-05 5.2E-04
ENSG00000187796_CARD9 1168 4919 4.21 3.9E-05 7.5E-04
ENSG00000077150_NFKB2 1443 159 0.11 1.5E-04 2.3E-03
ENSG00000023445 BIRC3 7461 2127 0.29 3.6E-04 4.7E-03
ENSG00000141510_TP53 11577 27698 2.39 5.8E-04 6.8E-03
ENSG00000177595_LRDD 1255 4395 3.50 5.9E-04 6.9E-03
ENSG00000162924 REL 17343 6778 0.39 5.9E-04 6.9E-03
ENSG00000132357_CARDG6 681 2559 3.76 7.3E-04 8.3E-03
ENSG00000146072_TNFRSF21 10091 3475 0.34 7.8E-04 8.7E-03
ENSG00000167604 NFKBID 3896 1127 0.29 1.0E-03 1.1E-02
ENSG00000164305_CASP3 9787 19813 2.02 2.0E-03 1.8E-02
ENSG00000064012_CASP8 13152 27291 2.08 2.3E-03 2.1E-02
ENSG00000143384 MCL1 17271 8036 0.47 2.4E-03 2.2E-02
ENSG00000100290_BIK 108 696 6.47 2.4E-03 2.2E-02
ENSG00000103490 PYCARD 10232 22817 2.23 3.5E-03 2.8E-02
ENSG00000104765_BNIP3L 54185 28276 0.52 4.3E-03 3.3E-02
ENSG00000146232 NFKBIE 1922 556 0.29 7.5E-03 5.0E-02
ENSG00000102871_TRADD 80 491 6.11 9.3E-03 6.0E-02
ENSG00000173039 RELA 4841 1961 0.41 9.7E-03 6.1E-02
ENSG00000167207_NOD2 71 396 5.58 1.2E-02 7.3E-02
ENSG00000089685 BIRCS 4744 10176 2.15 1.4E-02 8.1E-02
ENSG00000196730_DAPK1 16614 9059 0.55 1.6E-02 8.6E-02

* FPKM = fragments per kilobase of exon per million fragments mapped
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Table A.2. Apoptosis genes significantly differentially expressed in normal versus CP

rogenitors

Gene Expression (FPKM)” Fold | pvalue | q value

Normal mean CP mean

ENSG00000150991 _UBC 132886 19622 0.15 | 8.1E-29 | 2.8E-26
ENSG00000104312_RIPK2 59966 8332 0.14 | 6.3E-26 | 1.7E-23
ENSG00000069399 BCL3 2459 41 0.02 | 5.1E-20 | 7.1E-18
ENSG00000141682 PMAIP1 21015 3434 0.16 1.6E-16 | 1.5E-14
ENSG00000146072_TNFRSF21 10537 1225 0.12 | 3.3E-16 | 3.0E-14
ENSG00000162924 REL 18137 2981 0.16 1.5E-15 | 1.2E-13
ENSG00000028137_TNFRSF1B 6412 603 0.09 | 6.5E-15 | 4.9E-13
ENSG00000104856_RELB 3915 241 0.06 1.1E-14 | 7.8E-13
ENSG00000100906_NFKBIA 39690 10512 0.26 | 4.6E-12 | 2.3E-10
ENSG00000023445 BIRC3 7809 1268 0.16 1.1E-10 | 4.3E-09
ENSG00000149397 HMBS 5186 25069 4.83 1.1E-10 | 4.3E-09
ENSG00000167604 NFKBID 4073 811 0.20 | 2.2E-07 | 4.3E-06
ENSG00000165806_CASP7 6186 1402 0.23 | 2.7E-07 | 5.1E-06
ENSG00000215788 TNFRSF25 950 5419 5.70 | 3.1E-07 | 5.8E-06
ENSG00000196730_DAPK1 17380 5711 0.33 | 3.5E-07 | 6.6E-06
ENSG00000104765_BNIP3L 56696 22887 0.40 | 5.1E-07 | 9.0E-06
ENSG00000164305_CASP3 10241 29193 2.85 1.0E-06 | 1.7E-05
ENSG00000143384 MCL1 18069 6422 0.36 1.4E-06 | 2.2E-05
ENSG00000144802 NFKBIZ 16269 5915 0.36 1.8E-06 | 2.8E-05
ENSG00000187796_CARD9 1220 5336 437 | 3.0E-06 | 4.4E-05
ENSG00000141510_TP53 12095 32727 2.71 1.0E-05 | 1.3E-04
ENSG00000171552 BCL2L1 2831 9332 3.30 1.2E-05 | 1.4E-04
ENSG00000146232 NFKBIE 2008 377 0.19 1.8E-05 | 2.1E-04
ENSG00000137752_CASP1 3761 1001 0.27 | 2.8E-05 | 3.0E-04
ENSG00000077150_NFKB2 1507 289 0.19 | 5.5E-05 | 5.5E-04

* FPKM = fragments per kilobase of exon per million fragments mapped
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Table A.2. (continued) Apoptosis genes significantly differentially expressed in
normal versus CP progenitors

Gene Expression (FPKM) Fold | p value | q value
Normal mean CP mean

ENSG00000089685 BIRCS 4957 13726 2.77 | 1.1E-04 | 9.6E-04
ENSG00000170233 NLRP1 635 103 0.16 | 5.5E-04 | 3.9E-03
ENSG00000067182 TNFRSF1A 8584 3650 0.43 | 5.8E-04 | 4.1E-03
ENSG00000153094 BCL2L11 406 1752 432 | 8.9E-04 | 5.9E-03
ENSG00000164924 YWHAZ 76153 43300 0.57 | 1.1E-03 | 7.0E-03
ENSG00000173039_RELA 5064 2058 0.41 1.4E-03 | 8.6E-03
ENSG00000177595_LRDD 1311 3782 2.89 | 1.7E-03 | 9.9E-03
ENSGO00000118412 CASPSAP2 4152 9645 2.32 | 2.5E-03 | 1.4E-02
ENSG00000109320 NFKBI1 8001 3726 0.47 | 2.5E-03 | 1.4E-02
ENSG00000142208 AKTI 1239 3556 2.87 | 2.9E-03 | 1.5E-02
ENSG00000026103_FAS 680 2068 3.04 | 4.6E-03 | 2.3E-02
ENSG00000120889 TNFRSF10B 5493 2508 0.46 | 5.5E-03 | 2.6E-02
ENSGO00000181222 POLR2A 10591 5616 0.53 | 5.7E-03 | 2.7E-02
ENSG00000114446 IFTS57 14161 8020 0.57 | 7.9E-03 | 3.5E-02
ENSG00000104825 NFKBIB 4195 2073 0.49 | 1.0E-02 | 4.4E-02
ENSGO00000121858 TNFSF10 3448 1504 0.44 | 1.1E-02 | 4.4E-02
ENSG00000102871_TRADD 84 461 549 | 1.1E-02 | 4.6E-02
ENSG00000105221_AKT?2 4650 2348 0.50 | 1.4E-02 | 5.5E-02
ENSG00000003402_CFLAR 17199 10238 0.60 | 1.8E-02 | 6.6E-02
ENSG00000104689 TNFRSF10A 3670 2012 0.55 | 2.8E-02 | 9.2E-02

* FPKM = fragments per kilobase of exon per million fragments mapped
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Table A.3. Apoptosis genes significantly differentially expressed in CP versus BC

rogenitors

Gene Expression (FPKM)” Fold | pvalue | q value

CP mean BC mean

ENSG00000028137_TNFRSF1B 628 6288 10.01 | 1.1E-11 | 2.7E-10
ENSG00000149397 HMBS 26150 5430 0.21 | 2.3E-07 | 3.3E-06
ENSG00000164305_CASP3 30542 6559 0.21 | 4.1E-07 | 5.6E-06
ENSG00000100906 NFKBIA 11030 33554 3.04 | 5.3E-07 | 7.1E-06
ENSG00000165806_CASP7 1450 6004 4.14 1.3E-05 | 1.5E-04
ENSG00000169372 CRADD 1911 6528 342 | 3.9E-05 | 3.9E-04
ENSG00000146072_TNFRSF21 1297 4419 341 3.1E-04 | 2.6E-03
ENSG00000162924 REL 3118 8245 2.64 | 5.9E-04 | 4.5E-03
ENSG00000171552 BCL2L1 9835 3333 0.34 1.1E-03 | 7.8E-03
ENSG00000104312 RIPK2 8728 16355 1.87 | 9.8E-03 | 4.8E-02
ENSG00000026103_FAS 2153 4802 2.23 | 2.1E-02 | 8.9E-02
ENSG00000103490 PYCARD 15557 26256 1.69 | 2.3E-02 | 9.5E-02

* FPKM = fragments per kilobase of exon per million fragments mapped
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