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ABSTRACT OF THE DISSERTATION

Characterization of granulocyte-macrophage colony-stimulating factor signaling in
RUNX1-ETO leukemogenesis

by

Stephanie Weng
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2016

Professor Dong-Er Zhang, Chair

The t(8;21)(q22;q22) generates the oncofusion protein RUNX1-ETO (AML1-ETO,
RUNX1-RUNX1T1, AML1-MTG8) and is one of the most common chromosomal
abnormalities associated with acute myeloid leukemia (AML). Loss of a sex
chromosome (LOS) is detected in 32-59% of t(8;21) AML patients, which suggests
haploinsufficiency of key tumor suppressors on the sex chromosomes may be involved
in t(8;21) leukemogenesis. Though LOS is frequently observed in t(8;21) patients, there
have been no mechanistic studies examining its role in the pathogenesis of t(8;21) AML.
The gene encoding the granulocyte-macrophage colony-stimulating factor (GM-CSF)
receptor, CSF2RA, is located on the sex chromosomes. With LOS, t(8;21) cells suffer

xx

haploinsufficiency of CSF2RA, resulting in reduced GM-CSF signaling. It was recently
discovered that GM-CSF signaling, which is compromised upon LOS, inhibits t(8;21)
leukemogenesis. Therefore, this dissertation explores the mechanisms by which GMCSF signaling prevents t(8;21) leukemogenesis and aims to identify mediating
mechanisms that are therapeutically targetable. Gene expression profiling of GM-CSFtreated RUNX1-ETO cells revealed that GM-CSF signaling elicits a unique gene
expression profile in RUNX1-ETO cells. This gene expression profile correlates with
attenuated MYC-associated gene signatures and human myelopoiesis, which together
reduce the self-renewal potential of RUNX1-ETO cells and inhibit leukemogenesis. To
identify

GM-CSF-induced

genes

mediating

the

inhibition

of

RUNX1-ETO

leukemogenesis, a functional screen was conducted to identify several genes, including
Mxi1, which reduce the self-renewal potential of RUNX1-ETO cells. MXI1 is a wellestablished inhibitor of MYC; therefore, the effects of MXI1 and MYC inhibition were
examined in t(8;21) cells. It was found that MYC inhibition promotes apoptosis and
reduces the proliferation and self-renewal potential of t(8;21) cells, demonstrating that
MYC is critical for maintaining leukemic potential and may serve as an effective target in
t(8;21) AML treatment. Furthermore, it was discovered that in addition to being
downregulated upon LOS-driven haploinsufficiency, CSF2RA is also downregulated in
t(8;21) cell lines through its 3’ UTR. This reveals an additional mechanism present in
t(8;21) cells to reduce GM-CSF signaling and promote leukemogenesis. Together, these
studies highlight the importance of GM-CSF signaling in attenuating MYC in t(8;21) cells
and elucidate the mechanisms by which t(8;21) cells downregulate CSF2RA to reduce
GM-CSF signaling.
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CHAPTER 1:

Introduction

1

2
Chromosomal abnormalities are frequently detected in cancers. These
abnormalities include events such as aneuploidy, chromosomal duplications, deletions,
inversions, and translocations. Genomic regions containing critical proto-oncogenes and
tumor suppressors are often targeted by these events. The subsequent alteration of the
copy number, expression, or sequence of these proto-oncogenes and tumor
suppressors ultimately contributes to or promotes tumorigenesis. Numerous studies
have largely expanded our understanding of the mechanisms underlying various
chromosomal abnormalities and their impact on cancer development and progression1.
However, there remain chromosomal aberrations that have not been investigated as
thoroughly, such as sex chromosome abnormalities.
Sex chromosome aberrations have been reported in a variety of malignancies.
One of the most commonly observed sex chromosome aberrations is aneuploidy or loss,
which has been reported in a variety of cancers, including lung2, pancreatic3, breast4, 5,
colorectal6, and hematological cancers7. These observations suggest that tumor
suppressor genes may reside on the sex chromosomes, and their loss may contribute to
cancer development or progression.

1.1. Loss of a sex chromosome in hematological malignancies
Loss of a sex chromosome (LOS) is frequently observed in hematological
malignances. In a study of 868 patients with hematologic diseases, 5.1% of patients
exhibited LOS8. Acute myeloid leukemia (AML) patients displayed the highest frequency
of LOS, 9.5%, compared to a range of 0-6% for acute lymphoid leukemia (ALL), chronic
lymphoid leukemia (CLL), or chronic myeloid leukemia (CML) patients8. Loss of the Y
chromosome has also been observed in myelodysplastic syndrome (MDS)9.

3
Cytogenetic studies of normal non-malignant bone marrow and peripheral blood
cells indicate that loss of a sex chromosome or sex chromosome loss (SCL) is a
phenomenon associated with aging10-12. Although aneuploidy generally increases with
age13,

14

, LOS has been reported to occur at a rate 10-fold greater than autosomal

chromosome loss15. Additionally, LOS is observed at higher frequencies and at younger
ages in cancers. Several studies of childhood ALL have reported LOS in patient
leukemia cells16,

17

. Another larger cytogenetic study of 270 AML patient samples

revealed that LOS was observed in 22 patients. Of these 22 patients, 50% were under
the age of 14, 40% were aged 14 to 50, and 10% were aged above 5018, which further
corroborates that LOS occurs at younger ages in cancers. Additionally, in a search for
cytogenetic aberrations that may confer adverse risk in childhood ALL, LOS was
correlated with increased risk17. Altogether, these observations find a positive correlation
between LOS and hematological malignancies, implicating LOS as a risk factor for
cancer development and prognosis.
Although LOS is common in hematological malignancies, only 1.8% of patients
exhibit LOS as a sole genetic abnormality8, and LOS is frequently observed with
additional mutations7. However, LOS is typically observed in clonal populations, which
further suggests that this cytogenetic aberration is favored for oncogenesis19. These
findings indicate that LOS may not be sufficient for malignant transformation, but is likely
to serve as a cooperating event7. In support of this is the frequent co-occurrence of LOS
in around 32-59% of t(8;21) AML patients, which is much higher compared to other types
of AMLs and leukemias20, 21. Unlike other oncogenic translocations, t(8;21) is insufficient
for leukemogenesis and requires additional cooperating mutations, which LOS may
serve as22.

4
Altogether, these findings support that the sex chromosomes may harbor critical
tumor suppressor genes, which when lost upon LOS, may contribute to disease
development. However, the mechanistic contributions of LOS to disease development
are not currently understood and have yet to be thoroughly investigated.

1.2. Pseudoautosomal regions
The X chromosome is composed of just over 156 million base pairs, which
contain 1,805 genes. The Y chromosome is roughly a third of the size and is composed
of around 57 million base pairs, which contain 458 genes. Females possess both a
maternal and paternal X chromosome, whereas males possess a maternal X
chromosome and a paternal Y chromosome23. In females, one of the X chromosomes is
subjected to high levels of DNA methylation to generate repressive heterochromatin,
resulting in X-inactivation and gene silencing23.
Although the X and Y sex chromosomes are highly divergent in sequence, the
pseudoautosomal regions (PARs) are homologous between the two chromosomes,
escape X-inactivation, and facilitate proper pairing and segregation of the sex
chromosomes during meiosis24. There are two main pseudoautosomal regions (PAR1
and PAR2) on the sex chromosomes, and they are localized to the distal ends of the p
and q chromosomal arms, respectively25 (Figure 1.1.). PAR1 is 2.6Mb and contains 16
genes, whereas PAR2 is 360Kb and contains 3 genes and 1 pseudogene, CXYorf1 or
WASH6P. In 2013, a third pseudoautosomal region (PAR3) was identified and reported
to have arisen from duplication and transposition of the q21.3 region of the X
chromosome, which contains contains the genes PCDH11X/Y and TGIF2LX/Y, to the
p11.2 region of the Y chromosome26. Because PAR3 is only observed in
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Figure 1.1. Schematic of the X and Y sex chromosomes with the distal
pseudoautosomal regions.
PAR1 contains 16 genes, with PLCXD1 as the furthermost PAR1 gene at the distal
telomeric end and XG at the boundary of PAR1 at the centromeric end. PAR2 contains 3
genes, with SPRY3 at the centromeric boundary and IL9R at the distal telomeric end.
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approximately2% of the general population, we focus on PAR1 and 2 here.
Because the PARs escape X-inactivation, PAR genes are biallelically expressed
in both females and in males. In the case of LOS, PAR genes suffer from
haploinsufficiency and are the only genes commonly affected in both males and females
with LOS. Consequently, the PAR genes are the most likely candidates as common
tumor suppressors amongst the X and Y chromosomes.
Further substantiating that PAR genes may possess tumor suppressive functions
is the observation that pseudoautosomal regions are frequent targets for loss of
heterozygosity (LOH) in cancers. LOH in a region of the PAR, which results in deletion of
SHOX, CRLF2, and CSF2RA, has been observed in mantle cell lymphoma27.
While LOS is frequently observed in hematological malignancies, especially
AMLs, there is a shortage of studies examining PAR genes in hematological disease
development and progression. Moreover, many of the PAR genes are not well
characterized. Further mechanistic studies of the role of PAR genes in normal and
malignant hematological conditions will contribute immensely to our understanding of
how LOS may be involved in oncogenesis. Additionally, systematic knockout or enforced
expression of individual or a combination of PAR genes in the hematopoietic system will
greatly elucidate the function of these genes in hematological diseases.
Here, we overview what is currently known about the PAR genes in the
hematopoietic system and discuss the implications for LOS and haploinsufficiency of
PAR genes in the development of hematological malignancies.
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1.3. Pseudoautosomal region genes in the hematopoietic system
The nineteen PAR genes have a broad range of diverse functions. Some of
these genes act as tumor suppressors or proto-oncogenes. Others have been reported
to function as both, depending on the cellular context, which highlights the need for
examining the roles of PAR genes in individual hematological conditions (Table 1.1).
1.3.1. Tumor suppressors
PPP2R3B
There are several PAR genes that have been implicated in possessing tumor
suppressive functions. One of these genes is PPP2R3B (NYREN8, PPP2R3L,
PPP2R3LY, PR48) which encodes one of the subunits of protein phosphatase 2A
(PP2A). PP2A is a holoenzyme composed of A, B, and C subunits, each of which is
encoded by several genes28 (Figure 1.2.). The A and C subunits form a catalytic core,
and the B subunit is involved in determining substrate specificity. PP2A functions as a
serine-threonine phosphatase and regulates various intracellular signaling pathways,
and is generally regarded as a tumor suppressor28. Deletion, mutation, or inactivation of
PP2A is frequently observed in various cancer types28. The oncofusion protein BCRABL1, which is generated from t(9;22), has been reported to inhibit PP2A activity29.
Interestingly, inhibition of PP2A was found to be required for proliferative and prosurvival signals in CML29. Furthermore, the sphingosine analog FTY720, which has been
demonstrated to activate PP2A, was found to reduce cell proliferation and induce
apoptosis in models of CML, as well as on the Kasumi-1 t(8;21) AML cell line30, 31.

Table 1.1. Overview of the pseudoautosomal region genes and their functions.
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Because PP2A is composed of multiple subunits encoded by 17 different genes, there
are multiple avenues for altering the expression or activity of this phosphatase. Analysis
of the genes encoding the different subunits of PP2A revealed that one of the genes
encoding the A subunit, PPP2R1B, is downregulated in AML cells, and two genes
encoding the B subunits, PPP2R3B and PPP2R2C are not expressed in AML cells32.
Altogether, reduction in PPP2R3B gene dosage via LOS may result in reduced overall
activity of PP2A, which could promote increased proliferation and confer survival
advantage for leukemic cells.
SLC25A6
In a screen for genes required for TNF-induced apoptosis in the MCF-7 breast
cancer cell line, Solute carrier family 25 member 6 (SLC25A6, AAC3, ANT3) was
identified33. In this study, SLC25A6 was found to be necessary for apoptosis induced by
TNF and oxidative stress, but not other types of apoptosis. SLC25A6 is a member of a
family of genes that encode a component of the mitochondrial permeability transition
pore (MPTP), which is critical in regulating cellular energy metabolism and apoptosis33. It
functions as a transporter of ADP from the cytosol into the mitochondrial matrix and ATP
from the mitochondrial matrix to the cytosol. Exogenous expression of SLC25A6 in HeLa
cells increased sensitivity to ATRA-induced apoptosis34. SLC25A6 has also been
reported to facilitate apoptosis induced by camptothecin, a cytotoxic agent, and
knockdown of SLC25A6 impairs apoptosis. Interestingly, SLC25A6 was downregulated
in several cancer cell lines upon treatment with camptothecin, including the leukemia cell
lines HL-60 and K562, suggesting that reduced levels of SLC25A6 may aid in conferring
resistance to camptothecin-induced apoptosis35. Although the functions of SLC25A6 in
hematopoiesis or leukemogenesis are not well characterized, these data indicate that it

10

Figure 1.2. Protein phosphatase 2A subunits and respective encoding genes.
Schematic of the serine-threonine protein phosphatase (PP2A) complex. The PP2A
complex is composed of three subunits: A, B, and C. Each respective subunit is encoded
by the listed genes. The A and C subunits form a catalytic core, and the B subunit is
involved in determining substrate specificity.
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may serve as a tumor suppressor through its role in activating apoptosis.
SHOX
Short stature homeobox (SHOX, GCFX, PHOGY, SS) regulates bone growth and
maturation. Several groups have reported gender concordance in siblings with Hodgkin’s
lymphoma36, 37. Additionally, Hodgkin’s lymphoma has been found to occur in association
with Leri-Weill dyschondrosteosis, a bone growth disorder that results in shortened arm
and leg bones, which is caused by deletions or mutations of the PAR gene SHOX.
These findings led to the hypothesis that disruption to SHOX may be linked to the
development of Hodgkin’s lymphoma38. Additionally, deletion of SHOX has also been
reported in mantle cell lymphoma27.
ASMT
Melatonin is an antioxidant that easily passes through cell membranes.
Treatment of several human leukemia cell lines, including CMK, Jurkat, MOLT-3 and
MOLT-4 with melatonin resulted in cytotoxic effects39,

40

.

ASMT (ASMTY, HIOMT,

HIOMT) encodes acetylseratonin O-methyltransferase, an enzyme that catalyzes the
final step in melatonin synthesis (Figure 1.3.). Melatonin is predominantly synthesized in
the pineal gland; however, melatonin has also been found to be synthesized by human
bone marrow cells and several human hematopoietic cell lines41. ASMT expression is
highest in T lymphocytes42, and ASMT enzyme activity was found to be decreased in B
lymphoblastoid cell lines derived from patients with ASMT mutations. Additionally, a
study of clofarabine-resistant lymphoblastic leukemia cell lines revealed that melatonin
treatment induced cytotoxic effects, and resulted in increased total H3 and H4
acetylation in these cells43. These findings indicate that melatonin can induce cytotoxicity
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Figure 1.3. Overview of melatonin synthesis.
Melatonin is synthesized from tryptophan. The enzymes catalyzing each synthesis step
are shown to the left of the arrows. The PAR1 gene ASMT catalyzes the final step in
melatonin synthesis to convert N-Acetyl-Serotonin to melatonin.
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of leukemia cells, and loss of function mutations or haploinsufficiency of ASMT may
reduce melatonin levels and enhance cell survival.
DHRSX
In normal cells, autophagy is a critical regulator of cellular homeostasis.
Autophagy is a lysosome-mediated mechanism to degrade intracellular components and
it can act as a tumor-suppressive mechanism, but also a chemo-resistance
mechanism44. It has been reported that during early stages of cellular transformation,
autophagy is disrupted or suppressed, which results in increased genomic instability44.
Dehydrogenase/reductase
DHRS5X,

DHRS5Y,

(SDR

SDR7C6,

family)

X-linked

CXORF11,

(DHRSX,

SDR46C1)

is

DHRSY,
a

DHRSXY,

member

of

the

oxidoreductase enzyme family. Ectopic expression of DHRSX increased starvationinduced autophagy, and knockdown of DHRSX reduced autophagy in HeLa and U2OS
cells45. Therefore, deletion or loss of DHRSX due to LOS could reduce autophagy and
leave cells vulnerable to genomic insults that promote cellular transformation.
1.3.2. Proto-oncogenes
Some PAR genes have also been reported to possess proto-oncogenic
properties in the hematopoietic system. Interestingly, these genes encode cytokine
receptors.
CRLF2
CRLF2 (TSLPR) encodes the cytokine receptor-like factor 2, a type I cytokine
receptor. It forms a heterodimer with IL7R (Interleukin 7 Receptor) to bind to its ligand,
thymic stromal lymphopoietin (TSLP), and activates JAK-STAT signaling46. Deletions in
the PAR1 region have been detected in various types of ALL and results in the fusion of
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Figure 1.4. Schematic of the P2RY8-CRLF2 rearrangement.
Schematic of the affected genomic region upon the P2RY8-CRLF2 rearrangement. This
genomic deletion results in the fusion of the P2RY8 promoter to the CRLF2 gene, which
results in upregulation of CRLF2. Additionally, the coding region of P2RY8 is deleted,
along with ASMTL, SLC25A6, IL3RA, and CSF2RA.
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the noncoding region of exon 1 of P2RY8 to the CRLF2 gene, which causes CRLF2
expression to be driven by the P2RY8 promoter47-49 (Figure 1.4.). This fusion has been
reported to increase CRLF2 expression by up to 10-fold, and results in increased
activation of downstream signaling pathways, such as the JAK-STAT pathway, that
promote proliferation of B cell precursors50. B-ALL patients with JAK2 mutations also
frequently overexpress CRLF2, which leads to cytokine-independent growth47.
Additionally, patients with high expression of CRLF2 have poor prognoses. However, the
deletion leading to the fusion of P2RY8 and CRLF2 also results in the deletion of several
genes (P2RY8, CSF2RA, IL3RA, SLC25A6, and ASMTL) whose potential roles as tumor
suppressors should not be discounted.
IL3RA
The other proto-oncogenic receptor is the Interleukin 3 receptor alpha (IL3RA or
CD123), which is highly expressed on monocytes, macrophages, alveolar macrophages,
and dendritic cells42. The IL-3 receptor is composed of the CD123 alpha receptor and
the CD131 common GM-CSF beta receptor. Although IL-3 signaling promotes
differentiation of hematopoietic stem/progenitor cell, it also stimulates proliferation of
myeloid cells and is often used as a growth factor for myeloid cell lines51. CD123 has
been found to be highly expressed in a variety of hematological malignancies, including
AML, myelodysplastic syndrome, Hodgkin’s lymphoma, hairy cell leukemia, systemic
mastocytosis, plasmacytoid dendritic cell (pDC) leukemia, chronic myeloid leukemia, and
B-cell acute lymphoblastic leukemia52-54. Therefore, CD123 has become an attractive
hematopoietic cancer cell biomarker to target. Anti-CD123 therapies, such as
monoclonal antibodies and chimeric antigen receptor (CAR) T-cells, have shown
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promise in mouse models, and are now being investigated clinically for therapeutic
efficacy in various hematological malignancies54-56.
1.3.3. Context-dependent pseudoautosomal region genes
Several of the PAR genes cannot be as readily classified as tumor suppressors
or proto-oncogenes, due to conflicting discoveries in varying cellular contexts.
CSF2RA
Colony stimulating factor 2 receptor alpha (CSF2RA, GMRα, or CD116) is one of
the receptors for granulocyte macrophage-colony stimulating factor (GM-CSF or GM).
The GM receptor is an oligomer of the alpha and beta (CSF2RB, GMRβ, or CD131)
receptors (Figure 1.5.). The alpha subunit binds with high affinity to GM and confers
specificity of signaling. The beta subunit of GM also serves as the beta receptor for the
IL-3, as aforementioned, and IL-5 (Interleukin 5) receptors, which both have unique
alpha receptors that provide signaling specificity57. GM signaling regulates various
cellular functions including cell proliferation, survival, and differentiation. Increased levels
of CSF2RA and GM signaling have been observed in hematologic malignancies such as
CMML (chronic myelomonocytic leukemia) and JMML (juvenile myelomonocytic
leukemia)58,

59

. Leukemia cells from JMML and CMML also frequently exhibit

hypersensitivity to GM and harbor oncogenic RAS, which results incontinuous activation
of the RAS-RAF-MEK-ERK signaling pathway58. Studies with an NrasG12D/+ driven mouse
model for CMML demonstrated that eliminating GM signaling via knockout of the GM
beta receptor was insufficient to inhibit leukemia development60. However, eliminating
GM signaling prolonged the survival of mice and reduced splenomegaly of NRasG12D/+
mice, and reduced colony formation of their hematopoietic cells. These
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Figure 1.5. The GM-CSF receptor complex and its downstream signaling pathways
The GM-CSF receptor is a dodecamer complex composed of 4 GMRα receptor subunits
(green), 4 GMRβ receptor subunits (purple), and 4 GM-CSF molecules (orange). Upon
GM-CSF ligand binding and receptor oligomerization, the juxtaposed GMRβ subunits
bound to JAK2 promotes receptor transphosphorylation to initiate activation of various
signaling pathways (grey) that regulate cellular proliferation, survival, and differentiation.

18
findings suggest that GM signaling provides mitogenic signals in CMML and JMML, but
indicates there are other oncogenic drivers, such as mutant RAS, responsible for
leukemic transformation.
Conversely, LOH of CSF2RA, along with SHOX and CRLF2, due to deletion in a
portion of the PAR has been reported in mantle cell lymphoma27. As mentioned
previously, the t(8;21) requires additional cooperating mutations for leukemogenesis,
and roughly 32-59% of t(8;21) patients also display LOS20, 21, suggesting that genes on
the sex chromosomes, such as CSF2RA, may act as tumor suppressors. In fact, our
group previously reported that loss of GM signaling cooperated with RUNX1-ETO, the
oncofusion protein generated from t(8;21), to induce AML in a murine model61. Together,
these data support that GM signaling has negative effects in t(8;21) AML development,
and substantiates that reduced CSF2RA levels due to LOS may cooperate with t(8;21) in
leukemogenesis.
P2RY8
Another PAR gene with context-dependent functions is P2RY8. This gene
encodes the Purinergic receptor P2Y8 (P2RY8), an orphan receptor that is a member of
the G-protein coupled receptor family. This family of receptors is activated upon binding
of adenosine and uracil nucleotides. P2RY8 is highly expressed in hematopoietic cells,
including granulocyte-macrophage progenitor cells, B cells, and T cells42. Additionally,
P2RY8 has been found to be upregulated in leukemias and expression of P2RY8 in 3T3
cells resulted in their ability to form tumors in vivo, suggesting it may serve as a protooncogene62.
Contrarily, loss of function mutations of P2RY8 are frequently detected in
Burkitt’s lymphoma and lymphomas derived from germinal center B cells. Five of the six
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mutations identified in one study resulted in loss of P2RY8 expression at the cell
surface63. Additionally, ectopic expression of P2RY8 was demonstrated to suppress
germinal center B cell proliferation. Therefore, P2RY8 may aid in suppressing B cell
proliferation. In the case of the aforementioned P2RY8-CRLF2 rearrangement, where
the coding sequence of P2RY8 is deleted, it may consequently result in deletion of a
potential tumor suppressor47 (Figure 1.4.). Given that the regulatory element of P2RY8 is
highly active in lymphoid cells, it is fitting that the P2RY8-CRLF2 rearrangement, which
places the proto-oncogenic CRLF2 under control of the P2RY8 regulatory element, is
correlated with lymphoid leukemia.
IL9R
Interleukin 9 Receptor (IL9R or CD129) heterodimerizes with interleukin 2
receptor gamma (IL2R) to form the receptor for its ligand interleukin 9 (IL9). IL9 is a
cytokine that stimulates proliferation and inhibits apoptosis. It is also a growth factor for
several hematological cell types, including T cells, mast cells, and leukemia cell lines64.
IL9R is most highly expressed on T cells, and has been found to be upregulated in
various hematological malignancies, including B and T cell leukemias, B cell
lymphomas, and AML42. Although IL9R generally forms heterodimers with IL2R, IL9R
has also been found to form homodimers that interact with and activate mutant JAK1,
which is common in ALL, to further activate its downstream STAT targets65. Contrarily,
IL9 has been reported to activate tumor immunity. In a pulmonary melanoma model, it
was found that neutralization of IL9 resulted in increased tumor growth and reduced
leukocyte infiltration in the tumors66. In another study of mice bearing B16F10
melanoma, homozygous knockout of IL9RA resulted in increased tumor growth, and
administration of IL9 to wildtype tumor-bearing mice reduced tumor growth67. Altogether,
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these findings suggest that IL9 signaling promotes activation of immune cells to
recognize cancer cells and has tumor suppressive functions. In hematopoietic cells with
LOS, reduced IL9R levels could hinder activation of an antitumor response, thus
allowing cancer cells to escape from immunosurveillance.
CD99
CD99 (MIC2, HBA71, MSK5X), also known as the E2 antigen, is a glycoprotein
that is expressed across the hematopoietic system and its expression decreases with
differentiation. CD99 is most highly expressed on thymocytes where it regulates T-cell
adhesion and apoptosis68. CD99 has been found to be upregulated in acute
lymphoblastic leukemias (ALL)68, 69. Incubation with CD99 antibody has been reported to
trigger apoptosis of the Jurkat cell line, thymocytes, TEL/AML1-positive ALL cells, and
normal B cell precusors69, 70. Additionally, binding of specific epitopes of CD99 has been
found to promote cell death of transformed T cells via a caspase-independent pathway71.
Although CD99 overexpression is observed in various hematologic malignancies, CD99
haploinsufficiency could also perturb normal T cell apoptosis and cell adhesion and
result in increased T cell survival and mobility.
The conflicting findings for these PAR genes stress the importance of cellular
context when studying the functions of PAR genes in hematological malignancies.
1.3.4. Inactive pseudoautosomal region genes
Although most PAR genes escape inactivation, two PAR genes, SPRY3 and
VAMP7, are located in the PAR but are silenced on the inactive X chromosome in
females and the Y chromosome in males, which results in monoallelic expression. The
mechanisms of inactivation of the two genes vary. Treatment of cells with DNA
methylation inhibitors enhanced VAMP7, but not SPRY3 expression, suggesting that
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promoter methylation is responsible for inactivating VAMP7, but not SPRY372, 73. Instead,
histone modifications appear to be responsible for the maintenance of SPRY3
repression, as treatment with histone deacetylase (HDAC) inhibitors reactivated its
expression73. SPRY3 (sprouty RTK signaling antagonist 3) encodes one of the four
mammalian Sprouty proteins (SPRY1-4), which were originally identified in Drosophila to
function as inhibitors of MAPK signaling74. However, very little is known about SPRY3.
Because SPRY3 is a monoallelically expressed PAR gene, its expression should not be
affected by LOS.
Vesicle associated membrane protein 7 (VAMP7, SYBL1, TIVAMP) is found in
the membranes of late endosomes and lysosomes. VAMP7 is a member of the soluble
NSF attachment protein receptor (SNARE) family. VAMP7 aids in the fusion of vesicles
to

their

target

membranes

and

is

required

for

the

formation

of

mature

autophagosomes75. Knockdown of VAMP7 reduced autophagosome formation in
starvation conditions and resulted in an accumulation of autophagosomes due to
impaired ability to fuse to lysosomes76. VAMP7 has also been reported to be required for
the release of cytotoxic granules in natural killer (NK) cells77, and controls T cell
activation by regulating the transport and docking of vesicles containing critical adaptor
proteins for T cell activation to T cell receptor-activation sites78. VAMP7 has various
functions that could be regarded as tumor suppressive; therefore, aberrant epigenetic
silencing of the active allele could be involved in cellular transformation.
1.3.5. Other less characterized pseudoautosomal region genes and regions
As the remaining PAR genes are not as well characterized, there exists great
potential for novel functional studies of these genes in hematopoietic development and
diseases. In a recent report attempting to identify tumor suppressors in malignant
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melanoma,

PLCXD1

(Phosphatidylinositol-specific

phospholipase

C,

X

domain

containing 1) was one of 7 genes to be methylated or deleted in all 14 melanoma tumor
samples that were examined79. Additionally, when PLCXD1 was ectopic expressed, it
reduced proliferation in 2 of the 4 melanoma cell lines that were assessed79.
Unfortunately, PLCXD1 remains a relatively uncharacterized gene.
ASMTL is expressed highly in T lymphocytes42 and codes for the Nacetylserotonin O-methyltransferase-like protein. ASMTL has two domains with
homology to two different proteins. The N-terminal domain shares roughly 60%
sequence homology to two bacterial proteins: maf of B. subtilis and orfE of E. Coli. The
C-terminal domain is highly homologous to ASMT (acetylserotonin O-methyltransferase),
which is encoded by another PAR gene80. Very little has been reported on the function of
ASMTL. However, in a genomic study of high risk childhood B-cell precursor ALL,
recurrent point mutations of ASMTL were discovered81. One of the identified mutations
results in a frameshift mutation at V171, and the other results in an R395H missense
mutation.
A-kinase anchoring protein 17A (AKAP17A, XE7, CCDC133, PRKA17A,
SFRS17A, AKAP-17A, DXYS155E, CXYorf3) is highly expressed in T cells, B cells, and
dendritic cells42. AKAP17A is a protein kinase A anchoring protein (AKAP) and binds to
both type I and II PKA to localize it to subcellular regions82. In addition to binding PKA,
AKAP17A has also been found to interact with the splicing factors ZNF265, ASF/SF2,
and SC35, and therefore acts as a regulator of alternative splicing, which is often
perturbed in cancer cells82, 83.
Zinc finger BED-containing 1 (ZBED1, ALTE, DREF, TRAMP) is a transcription
factor that regulates DNA replication and cell proliferation genes84, 85. There have been
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no studies of ZBED1 the hematopoietic system. However, knockdown of ZBED1/DREF
in HeLa cells reduced cell proliferation and reduced expression of its target gene FNC16
(histone H1)85.
XG or PBDX encodes a blood group antigen that shares 48% sequence
homology with CD9986. XG expression is believed to be restricted to red blood cells, and
cells are either Xg(a+) or Xg(a-). In red blood cells of those who are Xg(a-), no CD99
was detected, suggesting that expression of XG is co-regulated with CD9987. Further
studies confirmed that the expression of these two genes are in fact co-regulated, but
only at the transcriptional level88, 89. Aside from encoding a blood cell antigen, there are
no other reported functions of this gene.
GTPases have been demonstrated to regulate hematopoietic stem cell functions
and differentiation, and both activating and inactivating mutations have been reported in
hematologic diseases90. GTPBP6 (PGPL) encodes a protein that is 442 amino acids
long. Because it contains 4 characteristic GTP-binding sites, it has been characterized
as a putative GTP-binding protein91. GTPases have been demonstrated to regulate
hematopoietic stem cell functions and differentiation, and both activating and inactivating
mutations have been reported in hematologic diseases90. Although GTPBP6 is highly
expressed in CD4 T lymphocytes, myoblasts, and erythroid cells, there have been no
studies of GTPBP6 in the hematopoietic system42. Given the importance of GTP-binding
proteins in regulating cellular functions, additional mechanistic studies on the functions
of GTPBP6 in normal and malignant hematopoietic contexts would be of great value.
In addition to protein coding genes, there are several uncharacterized long
intergenic non-protein coding RNAs, including LINC00106, LINC00685, and LINC00102,
and the pseudogene DDX11L16 (DEAD/H box polypeptide 11 like 16), in the PARs92, 93.
There are no validated microRNAs (miRNAs) in the PARs.
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1.4. Sex chromosome amplifications in cancer
Although we have focused on LOS, sex chromosome amplifications have also
been reported in hematological malignancies. Extra copies of the X and Y chromosomes
have been detected in chronic neutrophilic leukemia (CNL) that progressed to myeloid
blast crisis94 and AML95. Given that some PAR genes do possess potentially oncogenic
functions, such as promoting cell proliferation, it is not surprising that sex chromosome
polysomies are also observed in hematological malignancies and their roles in
oncogenesis should not be overlooked.

1.5. Discussion
Given the high frequency of LOS in hematological malignancies and the shortage
of systematic studies of PAR genes in the hematopoietic system, there remains the
potential to uncover novel functions for PAR genes, which could be targeted
therapeutically. Importantly, elucidating the role of haploinsufficiency of PAR genes in
the development of hematological malignancies and chemoresistance could reveal a
novel role for LOS as a predictive biomarker for patient prognoses and therapeutic
response. Studies clarifying the mechanisms of action of PAR genes may also provide
valuable insight into viable combination therapies that would be especially beneficial for
patients exhibiting LOS compared to those who do not. Altogether, mechanistic studies
on the effects of LOS and haploinsufficiency of PAR genes are currently lacking and
may greatly assist in opening the door to alternative therapeutic strategies for patients
suffering from hematological malignancies.
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1.6. Objectives of the dissertation
Due to the shortage of studies on the involvement of LOS and PAR genes in the
development of hematological malignancies, the objective of this dissertation was to
mechanistically examine the consequence of haploinsufficiency of the PAR gene
CSF2RA, and subsequent reduction of its downstream GM signaling, in the
pathogenesis of t(8;21) AML. The following works center on elucidating the mechanisms
mediating the inhibitory effects of GM signaling on t(8;21) leukemogenesis through (1)
gene expression profiling GM-treated RUNX1-ETO hematopoietic stem/progenitor cells,
(2) a functional screen of GM-induced genes capable of reducing the self-renewal
potential of RUNX1-ETO hematopoietic stem/progenitor cells, (3) the identification of a
therapeutically targetable pathway in t(8;21) cells, and (4) elucidation of the mechanisms
involved in the downregulation of CSF2RA in t(8;21) cells.
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CHAPTER 2:
Multiple GM-CSF-induced genes in RUNX1-ETO hematopoietic stem/progenitor
cells function to inhibit self-renewal potential
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2.1. Introduction
The t(8;21)(q22;q22) is one of the most commonly observed cytogenetic
aberrations in adult AML patients96, 97. Although t(8;21) AML is generally associated with
favorable prognoses, the 5-year survival rate is around 50% and patients frequently
relapse, implying a need for alterative therapeutic strategies for targeting t(8;21) AML98100

. The t(8;21) generates the oncofusion protein RUNX1-ETO (also known as RUNX1-

RUNX1T1, AML1-ETO, AML1-MTG8, hereinafter referred to as RE), which contains the
N-terminal DNA binding domain of RUNX1 (AML1), a transcription factor that functions
as a master regulator of hematopoiesis, and the majority of the transcriptional corepressor ETO101. As a result, RE is able to bind to RUNX1 target sites, but recruits
transcriptional repressors through the ETO domain to suppress expression of RUNX1
target genes that are critical for normal hematopoietic cell development102, 103. Although
RE alone is insufficient for leukemogenesis and requires additional secondary mutations,
RE induces an early myeloid differentiation block, enhances self-renewal, and promotes
expansion of hematopoietic stem/progenitor cells (HSPCs), which together increase
leukemic potential22, 96, 104-106.
Interestingly, one of the most frequently observed cytogenetic abnormalities in
t(8;21) patients is LOS, which is detected in 32-59% of patients107. The high incidence of
LOS in t(8;21) AML suggests that potential tumor suppressor genes may reside on the
sex chromosomes. The similar frequency of X and Y chromosome loss further suggests
they may be located in regions homologous between and expressed by both sex
chromosomes, such as the pseudoautosomal regions (PARs). Upon examining the
expression of PAR genes across AML patient samples, CSF2RA was found to be the
most significantly downregulated PAR gene in t(8;21) patients compared to non-t(8;21)
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M2 AML patients108,

109

. Altogether, this suggests that LOS-driven haploinsufficiency of

CSF2RA may aid in promoting pathogenesis of t(8;21) AML.
The granulocyte macrophage colony-stimulating factor (GM-CSF or GM) receptor
is a heterodimeric receptor composed of alpha (GM-CSFRα, GMRα, and CD116) and
beta (GM-CSFRβ, GMRβ, βc, and CD131) subunits, encoded by CSF2RA and CSF2RB,
respectively110. GM-CSFRβ serves as a common beta subunit for the GM-CSF, IL-3, and
IL-5 receptors110. Therefore, cytokine signaling specificity is determined by the alpha
subunits. Upon GM-CSF binding to the alpha receptor, the ligand-bound alpha receptor
binds to the beta receptor57. This complex then heterodimerizes to form a hexamer,
which binds with high-affinity to ligand, and further oligomerizes to form a dodecamer
complex, which activates receptor signaling57. GM binding and receptor oligomerization
activates a multitude of signal transduction pathways, such as JAK-STAT, MAPK, PI3K,
and NFκB pathways, that regulate proliferation, survival, hematopoietic differentiation,
and activation of immune responses110, 111. Expression of GM and its receptor has been
found to be dysregulated in various leukemias112, 113, which suggests GM signaling also
plays a role in regulating leukemia cells.
In t(8;21) cells with LOS, LOS-driven haploinsufficiency of CSF2RA decreases
functional GM receptors, and renders the cells hyporesponsive to GM114,

115

. We

previously reported that GM signaling inhibits leukemogenesis in a t(8;21) murine model
by reducing the self-renewal potential of RE hematopoietic stem/progenitor cells
(HSPCs)61.

Interestingly, RE has also been found to negatively regulate GM

expression116. Thus, hyporesponsiveness to GM due to CSF2RA haploinsufficiency and
RE-mediated repression of GM in t(8;21) cells cooperate to allow cells to escape the
inhibitory effects of GM signaling, which ultimately promotes pathogenesis. In
accordance with this, leukemia cells from t(8;21) patients are hyporesponsive to GM and
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have reduced GM binding114, 115. These observations suggest that in RE HSPCs, certain
GM-induced molecular events mediate the negative effects of GM signaling in
preventing leukemic cell transformation. Direct reactivation or restoration of these
mechanisms may serve as an alternative therapeutic strategy for treating t(8;21) AML
patients, including those who are hyporesponsive to GM.
In this study, we validated that the negative effects of GM on RE HSPCs
observed previously in the murine system were also applicable to primary human RE
HSPCs. Additionally, we performed gene expression profiling of primary RE HSPCs in
response to GM to identify candidate genes mediating the negative effects of GM on
t(8;21) cells. A functional screen of these candidate GM-stimulated genes revealed
multiple genes that diminish the self-renewal potential of RE HSPCs. Additionally, when
these genes were individually co-expressed with RE, they reduced proliferation of RE
HSPCs and aided them in overcoming their differentiation block.

2.2. Results
2.2.1. GM-CSF induces a human myelopoiesis gene expression profile in RUNX1ETO hematopoietic stem/progenitor cells
To gain insight into the molecular mechanisms mediating the inhibitory effects of
GM on leukemic transformation of RE cells, we examined the gene expression profile of
control (MIG) and RE-expressing (MIG-RE) HSPCs (Lin-/c-Kit+/GFP+) after 10 ng/mL GM
treatment (Figure 2.1.).
Microarray data analysis revealed that only 3 genes were differentially expressed
after GM treatment of control MIG HSPCs (Figure 2.2.A.). In contrast, 122 genes were
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Figure 2.1. Diagram of experimental methods for gene expression profiling of
murine RUNX1-ETO hematopoietic stem/progenitor cells treated with GM.
(A) Schematic diagram of the control MIG and MIG-RE retroviral vector constructs. (B)
Lineage negative (Lin-) cells were transduced with empty vector control (MIG) or MIGRE (RE) retrovirus. The following day, cells were washed and cultured in StemSpan
SFEM media with or without 10 ng/mL GM for 24 hours. Lin-/c-Kit+/GFP+ cells were
isolated by FACS and used for microarray analysis.
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differentially expressed after GM treatment of RE HSPCs compared to untreated RE
HSPCs, none of which overlapped with the MIG+GM differentially expressed genes. This
indicates that RE HSPCs are hypersensitive to GM. RE expression alone induced
differential expression of 1111 genes (Figure 2.2.B); however, 35 of these 1111 genes
were further differentially expressed upon GM treatment (Figure 2.2.B. and Figure
2.2.C.). Furthermore, GM treatment of RE cells (RE+GM) uniquely affected 87 genes
(Figure 2.2.B. and Figure 2.2.D.), which were unchanged by RE expression alone or by
GM treatment of control cells. Interestingly, the majority of these genes were
upregulated.
We utilized Gene Set Enrichment Analysis (GSEA) to confirm that our RE gene
expression signature significantly correlates with previously published datasets of RE
expression in HSPCs (Figure 2.3.A)117, 118. Furthermore, GSEA also identified significant
correlation of RE+GM differentially expressed genes with the gene expression
signatures from a murine myeloid cell line expressing two distinct constitutively active
forms of the GM receptor118, which confirms these were GM-induced genes (Figure
2.3.B.). The microarray data was validated by qRT-PCR (Figure 2.4.).
Although murine HSPCs were used for gene expression profiling, we also
conducted GSEA with our dataset using human myelopoiesis gene expression data
published by Ferrari et al119. This analysis revealed that the murine RE+GM gene
expression signature displayed significant correlation with that of primary human HSPCs
undergoing myelopoiesis and with monocytes and neutrophils (Figure 2.5.). Importantly,
these human myelopoiesis gene signatures were not observed in control cells treated
with GM. These results reveal the importance of and requirement for RE expression to
enable GM to induce a unique gene expression profile that correlates with human
myeloid differentiation programs. This is particularly noteworthy because RE enforces an
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Figure 2.2. Analysis of differentially expressed genes after GM-CSF-treatment of
RUNX1-ETO hematopoietic stem/progenitor cells.
(A) GM-treated control MIG HSPCs were compared to untreated MIG HSPCs
(MIG+GM). GM-treated RE HSPCs were compared to untreated RE HSPCs (RE+GM).
(B) RE cells were compared to control MIG cells (RE). GM-treated RE cells were
compared to untreated RE cells (RE+GM). A 2-fold differential gene expression cutoff
was applied. (C) Unsupervised hierarchical clustering of the 35 common RE and
RE+GM genes using the average clustering of Pearson correlation coefficient, depicted
as a heat map. (D) Unsupervised hierarchical clustering of the 87 unique RE+GM genes
using the average clustering of Pearson correlation coefficient, depicted as a heat map.
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Figure 2.3. Gene Set Enrichment Analysis of GM-CSF-treated RUNX1-ETO
hematopoietic stem/progenitor cells.
(A) Gene Set Enrichment Analysis (GSEA) of the gene expression profile after RE
expression with gene sets generated from publicly available data from Liu et al of murine
HSPCs expressing RE. (B) GSEA of RE+GM differentially expressed genes using gene
sets generated from microarray data of FDB1 cells, a factor-dependent bipotent cell line,
expressing constitutively active FIΔ and V449E mutants of the GM beta receptor, which
promote differentiation and proliferation, The enrichment score (ES), nominal enrichment
score (NES), nominal p-value (NOM p-val), and false discovery rate (FDR) for each
gene set is shown.
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Figure 2.4. Validation of microarray data
Quantitative reverse transcription PCR (qRT-PCR) validation of microarray data. MYCrepressed targets genes, as identified by GSEA and Ingenuity Pathway Analysis (IPA),
were also validated. Error bars represent standard deviation (SD) of independent
experiments.
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Figure 2.5. Gene Set Enrichment Analysis of GM-CSF-treated RUNX1-ETO
hematopoietic stem/progenitor cells with a human myelopoiesis dataset.
(A) Figure adapted from Ferrari et al. Gene sets for GSEA were generated from class
comparisons between CD34+ cells and Monocytes or Neutrophils. The Myelopoiesis
gene set was generated from a class comparison of CD34+ cells and the rest of the
samples combined. (B) Gene set enrichment analysis (GSEA) of the RE+GM gene
expression signature with human myelopoiesis, monocyte, and neutrophil gene sets
generated from publicly available GEO dataset GSE12803. The enrichment score (ES),
nominal enrichment score (NES), nominal p-value (NOM p-val), and false discovery rate
(FDR) for each gene set are shown.
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early myeloid differentiation block in HSPCs and our findings indicate that the presence
of RE sensitizes cells to myeloid differentiation induced by GM.
GSEA also found correlation of RE+GM upregulated genes with C/EBP family
target genes (data not shown), although none of the CEBPs themselves were
upregulated. IPA upstream regulator analysis also predicted CEBPB activation (Table
2.1.). The C/EBP family of transcription factors regulates differentiation of various cell
types, including myeloid cells121. These findings further support that the GM signaling in
RE HSPCs induces the expression of genes that aid cells in overcoming their REinduced differentiation block.
2.2.2. GM-CSF promotes differentiation and reduces the long-term culture
initiating cell frequency of primary human RUNX1-ETO hematopoietic
stem/progenitor cells
Our

previous

work

revealed

that

GM

signaling

inhibits

RE-induced

leukemogenesis in the murine system61. Therefore, we sought to validate this negative
effect of GM on primary human RE HSPCs. CD34+ cells transduced with MIG control or
RE retrovirus were sorted and confirmed for RE expression (Figure 2.6.). As was
previously reported, we observed that RE expression results in a higher percentage of
immature cells expressing CD34, compared to control (Figure 2.7.A. and 2.8.A.)122. In
the presence of 10 ng/mL (10GM) or 100 ng/mL (100GM) GM, we detected an
accelerated reduction in the percentage of CD34+ RE cells. Meanwhile, GM also
increased the total number of cells in culture as was reported previously (Figure
2.8.B.)123. Morphological analysis of cells cultured in methylcellulose showed immature
blast-like cells with RE expression, which were reduced upon GM treatment, indicating
GM relieves the RE-induced early myeloid differentiation block (Figure 2.7.B.). This
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Activation
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Activated

Activated

Activated

Inhibited

Upstream
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TNF

CSF2

CEBPB

MYC

-1.323

2.577

3.101

4.717

Activation
z-score

3.58E-08

1.45E-09

4.01E-05

8.03E-16

p-value
of
overlap

ACSL4,ACTN1,ALCAM,C9orf3,CAV1,CDKN2A,
CDKN2B,CSRP2,EDN1,EMP1,EXOSC7,GADD45A,
GATA6,GDI2,GPC1,ID1,IER3,IL1RAP,IRX3,LYZ,PFK
M,PLAU,PLAUR,PLS3,S100A10,S100A6,THBS1,
TIMP1,TNF,TPM1

AKR1B10,CCL3L1/CCL3L3,CCL4,CDKN2B,CXCL1,
GADD45A,GLIPR2,IER3,IL6,MMP10,MMP13,MSH5,
NFKBIZ,PLAUR,TNF

CCL3L1/CCL3L3,CCL4,CDKN2B,HBEGF,IER3,IL2RA
,IL6,IRF4,TNF,UBD

AKR1B10,APOC4,APOE,AQP9,BMP2,CAV1,CCL17,
CCL3L1/CCL3L3,CCL4,CDKN2A,CXCL2,EDN1,FST,
GADD45A,HBEGF,IER3,IFNGR2,IL1A,IL2RA,IL6,IRF
4,LTB4R,MMP10,MMP13,NFKBIZ,P2RY6,PLAU,PLA
UR,RND3,SDC4,SERPINB2,THBS1,TNF,TNFRSF11
B,UBD

Target molecules in dataset

Table 2.1. Ingenuity Pathway Analysis Upstream Regulator Analysis.
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Figure 2.6. Validation of RUNX1-ETO expression in CD34+ hematopoietic
stem/progenitor cells.
(A) Immunofluorescence staining of sorted primary human CD34+/GFP+ control MIG and
RE cells for nuclear HA-tagged RUNX1-ETO expression (original magnification, 400X).
(B) qRT-PCR of relative RUNX1-ETO mRNA levels after 3 weeks of liquid culture.
RUNX1-ETO levels were normalized to RE cells with no GM treatment.
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Figure 2.7. GM-CSF promotes differentiation and reduces the long-term culture
initiating cell frequency of primary human RUNX1-ETO hematopoietic
stem/progenitor cells.
(A) Percentage of CD34+ cells, as determined by flow cytometric analysis, of sorted
primary human CD34+/GFP+ control and RE cells in liquid culture with 0 ng/mL (Control),
10 ng/mL (10GM), and 100ng/mL (100GM) GM. Error bars represent standard deviation
(SD) of technical replicates of a representative experiment. Two additional independent
experiments are shown in Figure S4. (B) Wright-Giemsa staining and differential counts
of sorted CD34+/GFP+ control and RE cells seeded in methycellulose with 0 ng/mL
(Control), 10 ng/mL (10GM), and 100 ng/mL (100GM) GM for 17 days of culture. Error
bars represent SD of technical replicates of a representative experiment. (C) Relative
limiting dilution LTC-IC frequencies of sorted CD34+/GFP+ control MIG or RE cells with
increasing concentrations of GM. Frequencies were normalized to control cells with no
GM treatment. Error bars represent standard error of the mean (SEM) of 3 experiments
(* indicates p < 0.05).
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reflects the GSEA finding, which correlated the RE+GM gene expression signature with
human myelopoiesis.
To further investigate the effects of GM on long-term culture-initiating cell (LTCIC) frequency, we performed limiting dilution LTC-IC assays, which serves as a
surrogate in vitro assay for quantifying primitive hematopoietic cells that share
phenotypic and functional properties with in vivo repopulating stem cells124. Sorted
primary human control and RE CD34+ cells were seeded for limiting dilution LTC-IC
assays and cultured with GM. GM did not affect LTC-IC frequencies of control cells.
However, the LTC-IC frequencies of RE cells were significantly reduced in the presence
of GM (Figure 2.7.C.). These results reflect the gene expression profiling data and
demonstrate that GM treatment in the presence of RE also elicits a unique effect on
primary human RE cells, which ultimately aids them in overcoming their RE-induced
myeloid differentiation block and reduces their LTC-IC frequency.
2.2.3. Characterization of the GM-CSF-induced gene expression profile in
inhibiting self-renewal potential of RUNX1-ETO hematopoietic stem/progenitor
cells
We sought to identify GM-induced mechanisms of reducing leukemic potential of
RE HSPCs with aims to activate or restore them as an alternative method of inducing a
GM-like response in t(8;21) cells. RE expression enhances self-renewal potential and
confers serial replating ability to HSPCs in vitro104,

105

. Our previous studies

demonstrated that the serial replating ability of RE HSPCs is inhibited by GM61.
Therefore, we conducted a functional screen to identify GM-induced genes capable of
inhibiting the serial replating ability and reducing the self-renewal potential of RE cells.
Many of the GM-induced genes in RE HSPCs did not exhibit dramatic upregulation,
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Figure 2.8. CD34+ percentages and proliferation of primary human hematopoietic
stem/progenitor cells cultured with GM-CSF.
(A) CD34+ percentages of sorted primary human CD34+/GFP+ control MIG and RE cells
derived from two additional independent cord blood samples cultured with 0ng/mL,
10ng/mL (10GM), and 100ng/mL (100GM) GM. Error bars represent SD of
representative experiments. (B) Proliferation of sorted primary human CD34+ /GFP+
control MIG and RE cells cultured with 0 ng/mL, 10 ng/mL (10GM), and 100 ng/mL
(100GM) GM. Cross indicates cell death. Error bars represent SD from one
representative experiment of three independent experiments.
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suggesting that the modest but concerted upregulation of a group of genes may be
cooperatively functioning to mediate the negative effects of GM on RE HSPCs.
However, we aimed to identify individual genes capable of reducing the self-renewal
potential of RE HSPCs. Pathway analysis assisted in the selection of 10 genes of
interest (See Materials and Methods and Figure 2.9. for details), and a barcoded
complementary DNA (cDNA) mini-library was generated to screen multiple genes
simultaneously.
Each cDNA was cloned into the MIG vector, along with a common primer
sequence and a cDNA-specific barcode (Figure 2.10.A.). Murine HSPCs were cotransduced with puromycin resistance MIP-RE retrovirus and control MIG or a pool of
barcoded MIG-cDNA retroviruses. After selection of co-transduced cells with puromycin
drug selection and sorting for GFP expression, cells were serially replated for 8 weeks. A
subset of cells was saved just after sorting (T0), midway at 4 weeks (T4), and at the final
timepoint of 8 weeks (T8) (Figure 2.10.B.). Retroviral integration of the vector into
genomic DNA allows for PCR amplification of the cDNA-specific barcode region from
purified genomic DNA using common primers, followed by next-generation sequencing
of the resulting PCR products to identify and quantify barcodes present at each
timepoint.
As expected, control cells lost replating ability, whereas cells transduced with RE
or RE + cDNAs continued replating (Figure 2.10.C.). Morphological analysis of cells after
the first replating indicated that co-expression of RE and the pool of cDNAs resulted in
enhanced myeloid differentiation when compared to RE alone. However, because the
RE + cDNAs and control RE colony numbers were relatively similar, this suggests there
existed cDNAs in the pool that do not elicit inhibitory effects on the self-renewal capacity
of RE cells. RE cells expressing a cDNA that reduces self-renewal capacity and/or

43

Figure 2.9. Bioinformatic analysis of differentially expressed genes in GM-CSFtreated RUNX1-ETO hematopoietic stem/progenitor cells.
(A) Heat map of the 48 genes IPA identified to be involved in regulating hematopoiesis,
hematological system development and function, cell growth and proliferation, and cell
death. The IPA functional categorization of each gene is also shown. (B) GSEA of
RE+GM differentially expressed genes significantly correlated with (A) NFKB signaling14,
(B) upregulated genes during B lymphocyte late differentiation15, (C) upregulated genes
upon LPS stimulation16, (D) upregulated genes after TNF treatment17. The enrichment
score (ES), nominal enrichment score (NES), nominal p-value (NOM p-val), and false
discovery rate (FDR) for each gene set is shown.
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Figure 2.10. Barcoded cDNA screen to identify GM-CSF-induced genes that inhibit
self-renewal potential of RUNX1-ETO hematopoietic stem/progenitor cells.
(A) Schematic of genomic DNA from cells transduced with barcoded cDNA retrovirus. A
common forward universal primer and IRES reverse primer are utilized to PCR amplify
the barcode region from transduced cells. (B) Diagram outlining the serial replating
cDNA screen. Mouse Lin- HSPCs were transduced with control MIP or MIP-RE, selected
with puromycin, and co-transduced with control MIG or a pool of barcoded cDNAs (MIGcDNAs). Lin-/GFP+ cells were sorted and seeded for serial replating. Cells were saved
after sorting as the initial timepoint (T0), and GFP+ cells were sorted and saved after 4
weeks (T4) and 8 weeks (T8) of replating for quantitative barcode analysis. (C) Colony
numbers of control, RE, and RE + cDNAs cells over the course of 8 weeks. WrightGiemsa staining of cells after the first plating (original magnification, 400X).
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induces differentiation or apoptosis would be expected to have a disadvantage in serial
replating. Consequently, these cells would be less abundant or absent at later timepoints
and fewer of those cDNA barcodes would be detected over the course of the
experiment. Quantification of the barcodes present at each timepoint revealed that 6 of
the 10 cDNAs displayed a statistically significant dropout by T8 (Figure 2.11.A. and
Table 2.2.). Cdkn2a and Cdkn2b, two well-established tumor suppressors that inhibit cell
cycle progression, demonstrated significant dropout125. Bmp2, Cxcl1, Ltb4r1, and Mxi1,
also significantly dropped out.
2.2.4. Validation and characterization of candidates from screen to identify GMCSF-induced genes that reduce self-renewal potential of RUNX1-ETO
hematopoietic stem/progenitor cells
We selected a few of the cDNAs that displayed significant dropout in our screen
for validation. Murine bone marrow was co-transduced with pMSCV-Neo (Control) or
pMSCV-RE-Neo (RE) and MIP (Control) or individual MIP-cDNA retroviruses and
subjected to serial replating (Figure 2.11.B.). RE cells co-expressing CXCL1, LTB4R1,
and MXI1 completely lost serial replating ability by 8 weeks, indicating that expression of
these cDNAs reduces the self-renewal potential of RE cells. Expression of BMP2 did not
fully inhibit the serial replating ability of RE cells, but did significantly reduce the number
of colonies formed with each replating.
Ltb4r1 encodes the leukotriene B4 receptor 1 (LTB4R1 or BLT1), which is
expressed highly on myeloid cells, including monocytes and granulocytes126. Leukotriene
B4 (LTB4), the ligand for LTB4R1, is a pro-inflammatory chemoattractant for neutrophils.
LTB4 synthesis and LTB4 receptor expression have been found to increase during 12O-Tetradecanoylphorbol-13-acetate (TPA) and 1 alpha,25-dihydroxyvitamin D3-induced
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Figure 2.11. Barcode screen reveals genes that reduce RUNX1-ETO hematopoietic
stem/progenitor cells self-renewal capacity.
(A) Percentage of barcode reads identified by sequencing of GFP+ cells saved from T0,
T4, and T8, normalized to T0. Percentages are the average of three independent
experiments. (B) Serial replating assay of control or RE cells co-transduced with
individual cDNAs that displayed significant dropout by T8 from the barcoded screen.
Error bars represent SD of technical replicates of a representative experiment.
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Table 2.2. Percentage cDNA Barcode Reads Normalized to T0.

cDNA
Name

T0 Percentage T4 Percentage T8 Percentage

p-value
(T0 vs. T8)

BATF

100

11.90

127.03

0.7720

BMP2

100

48.90

3.95

8.3188E-06

CDH1

100

303.55

127.19

0.7409

CDKN2A

100

0.67

0.21

1.1767E-11

CDKN2B

100

3.40

3.67

1.5793E-06

CXCL1

100

38.16

4.60

2.0129E-05

IRX3

100

965.81

1159.52

0.2024

LTA

100

157.74

229.65

0.4176

LTB4R1

100

39.23

0.14

3.2532E-13

MXI1

100

5.15

8.39

7.7261E-05
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differentiation of the human promyelocytic leukemia cell line HL-60, respectively127,

128

.

This suggests that the LTB4 pathway may be involved in regulating myeloid cell
differentiation127,

128

. Along these lines, the LTB4 pathway has also been reported to

regulate the stemness of hematopoietic stem cells. Culture of primary human CD34+
cells with leukotriene B4 (LTB4) reduced CD34 expression and promoted differentiation,
which was inhibited upon addition of an LTB4R1 antagonist CP105696129. These
findings support that activation of the LTB4 pathway aids in reducing the self-renewal
potential of hematopoietic stem cells and promotes their differentiation. LTB4R1
expression is also significantly downregulated in AML patient samples compared to
normal hematopoietic cell controls and in t(8;21) AML patients compared to non-t(8;21)
AML patients108,

130

, suggesting that downregulation of signaling through LTB4R1 may

advantageous for leukemogenesis (Figure 2.12.A.). Furthermore, from our barcode
screen and subsequent validation experiments, we discovered that ectopic expression of
LTB4R1 inhibits the self-renewal potential of RE HSPCs as well.
In addition to promoting differentiation of CD34+ cells, LTB4 has been reported to
promote their proliferation129. To address whether ectopic LTB4R1 expression also elicits
these effects on RE cells, we assessed proliferation and differentiation of co-transduced
murine bone marrow cells. Conversely to the increased proliferation of CD34+ cells upon
LTB4 treatment129, LTB4R1 expression inhibited proliferation of RE cells (Figure
2.12.B.). As expected, flow cytometric analysis of CD11b, which is expressed on
monocytes and macrophages, and Gr-1, which is expressed on granulocytes, indicates
that LTB4R1 expression enhances granulocytic differentiation of RE cells, which was
also confirmed by morphological analysis (Figure 2.12.C. and D.). Although LTB4R1
expression is effective at reversing various RE-associated phenotypes, the LTB4
pathway is well-known for its role in promoting inflammation131. Therefore, the LTB4
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Figure 2.12. Ltb4r1 is a GM-CSF-induced gene that mediates its inhibitory effects
on RUNX1-ETO hematopoietic stem/progenitor cells.
(A) Comparison of the gene expression of LTB4R1 in AML samples from two datasets.
(B) Relative cell numbers of primary mouse bone marrow cells co-transduced with empty
vector control or RE and empty vector control or LTB4R1 in liquid culture. Cell numbers
for each condition were normalized to their respective Day 0 cell counts. Error bars
represent SD of one experiment. (C) Flow cytometric analysis of Gr-1 and CD11b
expression of cells from (B). (D) Wright-Giemsa staining of cells from (B).
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pathway is not an ideal pathway to activate therapeutically. Moreover, though there is an
antagonist for LTB4R1, there is currently no agonist for this receptor.
However, our findings demonstrate that our cDNA barcode screen was effective
at identifying single genes induced by GM-treatment of RE HSPCs that can mediate the
negative effects of GM, through the reduction of self-renewal potential and promotion of
differentiation of RE HSPCs but without its mitogenic effects.

2.3. Discussion
In this study, we validated that GM signaling also elicits negative effects on the
self-renewal potential of primary human RE HSPCs. Although GM enhanced the
proliferation of primary human RE HSPCs, this was paralleled with a reduction in the
percentage of CD34+ RE cells and of RE LTC-IC frequencies. Additionally, GM aided RE
cells in overcoming the RE-induced early myeloid differentiation block and promoted
their differentiation.
Gene expression profiling revealed that RE HSPCs are hypersensitive to GM
treatment. This finding confirms previous reports that RE expression sensitizes cells to
GM, which has been attributed to RE-induced repression of NF1 (Neurofibromin 1), a
negative regulator of RAS61,

132

. Gene expression profiling also revealed that RE

expression induced a 2.5-fold increase in CSF2RB, which may further contribute to the
enhanced GM response. Interestingly, the hypersensitive gene expression profile
displayed by GM-treated RE HSPCs resembles human myelopoiesis and correlates with
the activation of CEBP targets. Importantly, this human myelopoiesis gene expression
profile was not observed in control cells. Therefore, these findings stress the importance
of GM signaling in aiding RE HSPCs in overcoming their differentiation block and
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reducing their self-renewal potential. Moreover, downregulating GM signaling in t(8;21)
cells, through CSF2RA haploinsufficiency driven by LOS for example, is critical for
evading negative effects of GM during the leukemic transformation process.
Because GM is known to function as a mitogen, which was observed when
primary human RE HSPCs were cultured in the presence of GM, identifying factors
mediating the negative effects of GM on RE HSPCs without inducing a mitogenic effect
is critical for elucidating novel therapeutic strategies. From the barcoded cDNA screen,
we have identified several GM-induced genes that reduce the self-renewal potential of
RE HSPCs without inducing a mitogenic response. Individual validation of a candidate
identified by our screen, Ltb4r1, reveals that this GM-induced gene significantly reduces
RE HSPC proliferation and promotes their differentiation.
GM treatment of RE HSPCs resulted in moderate, but concerted, upregulation of
85 genes. Although in this screen, we only selected 10 of these genes to screen, the
other GM-induced genes may also possess tumor suppressive functions, which warrants
further investigation and may aid in the identification of novel pathways for therapeutic
intervention in t(8;21) AML patients, including those with LOS.

2.4. Materials and Methods
2.4.1. Plasmids
MSCV-IRES-EGFP (MIG) and MSCV-HA-RUNX1-ETO-IRES-EGFP (RE) were
previously described133. MSCV-IRES-puromycinR (MIP) and MSCV-HA-RUNX1-ETOIRES-puromycinR (MIP-RE) are identical to MIG and RE, except the EGFP has been
replaced with the puromycinR gene. For co-expression of RE with other cDNAs, pMSCV-
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Neo (Control) (Clontech, Mountain View, CA) or pMSCV-RE-Neo (RE) and MIP (Control)
or MIP-cDNA retroviruses were used.
2.4.2. Gene expression profiling
Lin- cells isolated from bone marrow of C57BL/6 mice were transduced with
control (MIG) or RE retrovirus. The subsequent day, cells were washed and treated with
10 ng/mL recombinant murine GM (Peprotech, Rocky Hill, NJ) for 24 hours in StemSpan
serum-free expansion medium (SFEM) (StemCell Technologies, Vancouver, BC). Lin-/cKit+/GFP+ cells were sorted using a BD FACS Aria II (BD Biosciences, San Jose, CA)
and RNA was isolated with the RNeasy Micro Kit (Qiagen, Hilden, Germany). Total
RNAs from three independent experiments were labeled and hybridized on Mouse Ref-8
v2.0 Expression BeadChips following manufacturer’s protocol (Illumina, San Diego, CA).
RNA quality control and sample preparation for BeadChips were performed at the
UCSD, Biomedical Genomics Core Facility. The microarray data have been deposited in
the Gene Expression Omnibus database and are accessible through GEO series
number GSE72567.
2.4.3. Gene expression profiling data analysis
Microarray data normalization was performed using dCHIP134 invariant set
normalization and filtered for a coefficient of variation defined by standard
deviation/mean values between 0.5 and 1000. Class comparisons were performed with
dCHIP and BRB-Arraytools135 using a univariate 2-sided t- test requiring a nominal p <
0.05 and p < 0.001, respectively. Class comparisons were performed to identify
significantly differentially expressed genes: 1) after GM treatment of control MIG HSPCs
(MIG vs. MIG+GM), 2) after GM treatment of RE HSPCs (RE vs. RE+GM), 3) after RE
expression (MIG vs. RE), and 4) after GM treatment of RE HSPCs compared to MIG
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HSPCs (MIG+GM vs. RE+GM). Each of the class comparisons generated a list of
differentially expressed genes, which were then compared and overlapped to generate a
list of uniquely differentially expressed genes upon each perturbation, and a 2-fold gene
expression cutoff was applied. Gene set enrichment analysis (Broad Institute,
Cambridge, MA)136 was performed on raw data using the c2.all.v4.0.symbols gene set
database with 1000 gene set permutations, and required p < 0.01 and FDR < 0.01 to be
considered significant. GSEA was also conducted with gene sets generated from
publicly available datasets from Ferrari et al119, Liu et al117, and Brown et al137. and
required p < 0.01 and FDR < 0.01 to be considered significant. Pathway analysis and
upstream regulator analysis was performed with Ingenuity Pathway Analysis (Qiagen,
Hilden, Germany). Ingenuity Pathway Analysis (IPA) (Ingenuity, Qiagen Redwood City,
CA) was run with confidence settings including both experimentally observed and highly
predicted, on mouse and human species only, and with default settings for the remaining
parameters.
2.4.4. Quantitative reverse-transcription PCR (qRT-PCR)
RNA was isolated using the RNeasy Micro Kit (Qiagen) and cDNA was
generated using the Superscript III (Life Technologies). Quantitative PCR was done and
analyzed with the CFX Connect Real-Time PCR Detection System (Bio-Rad) using the
KAPA SYBR FAST qPCR Kit (Kapa Biosystems, Wilmington, MA) with 0.25 μM of each
primer performing 40-50 cycles of 95°C for 5 seconds and 60°C for 30 seconds. Primers
for qPCR are provided in Tables 2.3. and 2.4. The cycle threshold (Ct) values for the no
reverse transcriptase control samples were more than 10 Ct values greater than the
samples with reverse transcriptase (data not shown). The qPCR products were run out
on 1.8% agarose gels to confirm there was no product in the no reverse transcriptase
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Table 2.3. Mouse qPCR primers
Mouse Primers
mBATF-For
mBATF-Rev
mCAV1-For
mCAV1-Rev
mCDKN2A-For
mCDKN2A-Rev
mCDKN2B-For
mCDKN2B-Rev
mCXCL1-For
mCXCL1-Rev
mGADD45A-For
mGADD45A-Rev
mGAPDH-For
mGAPDH-For
mGATA6-For
mGATA6-Rev
mGRP-For
mGRP-Rev
mIER3-For
mIER3-Rev
mIRX3-For
mIRX3-Rev
mLTA-For
mLTA-Rev
mLTB4R1-For
mLTB4R1-Rev
mMMP13-For
mMMP13-Rev
mMXI1-For
mMXI1-Rev
mNTS-For
mNTS-Rev
mPLAUR-For
mPLAUR-Rev
mPPBP-For
mPPBP-Rev
Universal-Fwd-Primer
IRES-Rev-Primer

Sequence (5’ to 3’)
CAGTCAAGAAGGGGAGCCAG
AGATGAGTCCTGTTTGCCAGG
TGGTCAAGATTGACTTTGAAGATGT
CCTTCCAGATGCCGTCGAAA
GAGCGGGGACATCAAGACAT
AGCTCTGCTCTTGGGATTGG
AGGACCATTTCTGCCACAGAC
CTGCCCATCATCATGACCTGGAT
ACCGAAGTCATAGCCACACTC
CTCCGTTACTTGGGGACACC
CTGTGTGCTGGTGACGAACC
TCCATGTAGCGACTTTCCCG
GGTGCTGAGTATGTCGTGGAGTCTA
AAAGTTGTCATGGATGACCTTGG
AGTCAAAAGCTTGCTCCGGT
TGATGCCCCTACCCCTGAG
ACTGGGCTGTGGGACACTTA
ATCCCTTGCAGCTTCTTCCC
CACACCATGACTGGCCTGAG
TGGCGCCGGACCACT
TCTGGGTCCCTATCCAATGTG
GGTCCCCGAACTGGTACTG
TTCCTGCCTTCGACTGAAACA
TGTCATGTGGAGAACCTGCTG
CCA ACAACTAGACAAGACATTACCTTCTGA
AGGATGCTCCACACACAAAGCTATTG
TCCCTGCCCCTTCCCTATGG
CTCGGAGCCTGTCAACTGTGG
TTAAAGCGGCGACTGGAACA
CCACTTCAATCTCCTCTCGCT
ACATCCAAGATCAGCAAAGCAA
CATGTCTCCTGCTTCCTCGG
ACAGGCTTAGATGTGCTGGG
CAGAGACGTTGAGGTGGGTC
CTCAGACCTACATCGTCCTGC
GTGGCTATCACTTCCACATCAG
CGAAATGTCCGTTCGGTTGG
GCAAAGGGTCGCTACAGACGTTG
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Table 2.4. Human qPCR primers

Human Primers

Sequence (5’ to 3’)

BCR/ABL-For

CATTCCGCTGACCATCAATAAG

BCR/ABL-Rev

GATGCTACTGGCCGCTGAAG

hGAPDH-For

TCGCTCAGACACCATGGGGAAG

hGAPDH-Rev

GCCTTGACGGTGCCATGGAATTTG

RUNX1/ETO-For

TGGAAGAGGGAAAAGCTTCA

RUNX1/ETO-Rev

ATTGCGTCTTCACATCCACA
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control samples and that products were of the correct size in samples with reverse
transcriptase (data not shown).
2.4.5. CD34+ cell isolation, transduction, and culture
The CD34 Microbead Kit (Miltenyi Biotech, San Diego, CA) was used to purify
CD34+ cells from human umbilical cord blood (NDRI, Philadelphia, PA). CD34+ cells
were pre-stimulated in StemSpan serum-free expansion medium (SFEM) (StemCell
Technologies, Vancouver, BC) supplemented with 100 U/mL penicillin/streptomycin, 100
ng/mL SCF (Stem Cell Factor), 100 ng/mL FLT3L (Fms-related tyrosine kinase 3 ligand)
, and 100 ng/mL TPO (Thrombopoietin) (Peprotech, Rocky Hill, NJ) for 2 days before
undergoing spinoculation at 3000 rpm for 3 hours aset 32°C with retrovirus added at
50% v/v and 4 μg/mL polybrene for 2 consecutive days. CD34+/GFP+ cells were sorted
at the UCSD Cancer Center Shared Resource on a BD FACS Aria II after transduction
with control MIG and MIG-RE retrovirus, and used for subsequent experiments. Cells
were cultured in StemSpan SFEM (StemCell Technologies) supplemented with 100U/mL
penicillin/streptomycin, 50 ng/mL SCF, 50 ng/mL FLT3L, and 50 ng/mL TPO (Peprotech)
and weekly medium changes were administered. When applicable, recombinant human
granulocyte-macrophage colony-stimulating factor (rhGM-CSF or GM) (Peprotech) was
added. Cells were seeded in H4534 (StemCell Technologies) for colony forming assays.
2.4.6. Long-Term Culture-Initiating Cell (LTC-IC) assays
Sorted CD34+/GFP+ cells were seeded at limiting dilutions of 1, 3, 5, 16, 50, and
100 cells per well on MS-5 cells irradiated with 8000 cGy and cultured in MyeloCult
H5100 (StemCell Technologies) with 1μM hydrocortisone (Sigma), 1x Anti-Anti
(ThermoFisher, Grand Island, NY) and the indicated concentrations of GM124. Cells were
fed with weekly one-half media exchanges for 5 weeks and seeded in methylcellulose
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(Myelocult H4534 or H4434, StemCell Technologies). The frequency of LTC-ICs was
scored after 17 days of methylcellulose culture. Stem cell frequencies were calculated
using L-Calc (StemCell Technologies).
2.4.7. Flow cytometry
Primary human hematopoietic cells were incubated with Human Fc Receptor
Binding

Inhibitor

(eBioscience,

14-9161,

San

Diego,

CA)

and

stained

with

allophycocyanin (APC)-conjugated antibody against human CD34 (eBioscience, 170349) for flow cytometric analysis. Antibodies used for mouse lineage staining are listed
in Table 2.5. Cells were analyzed with a BD FACS Canto cytometer (BD Biosciences,
San Jose, CA). For differentiation studies, murine bone marrow cells were incubated
with Mouse Fc Receptor Binding Inhibitor (eBioscience, 14-0161-86) and stained with
PE-conjugated anti-mouse CD11b (eBioscience, 14-0112-82) and APC-conjugated antimouse Gr-1 (eBioscience, 17-5931-72) for flow cytometric analysis.
2.4.8. Barcoded cDNA screen
IPA was used to identify genes that were upregulated by 2-fold or greater in RE
HSPCs upon GM treatment (RE+GM) that are involved in regulating hematopoiesis,
hematological system development and function, cell growth and proliferation, and cell
death. These 48 genes were also grouped into functional categories by IPA. Of
particular interest were genes involved in pathways with potential to be targeted
therapeutically. GSEA revealed enrichment of RE+GM genes with tumor necrosis factor
(TNF) targets, and IPA found TNF to be the most significantly activated upstream
regulators of the RE+GM upregulated genes (Table 2.1.). It has been previously
reported that TNF induces apoptosis of the t(8;21) Kasumi-1 cell line and promotes
differentiation of leukemic blasts138-140. Therefore, cytokines and growth factors
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Table 2.5. Mouse Lineage Antibodies

Antigen

Conjugate

Source

CD3

PerCPCy5.5

BD Bioscience, 560527

CD4

PerCPCy5.5

eBioscience, 45-0042

CD8a

PerCPCy5.5

eBioscience, 45-0081

CD19

PerCPCy5.5

eBioscience, 45-0193

B220

PerCPCy5.5

eBioscience, 45-0452

CD11b

PerCPCy5.5

eBioscience, 45-0112

Gr-1

PerCPCy5.5

eBioscience, 35-5931

Ter119

PerCPCy5.5

eBioscience, 45-5921

IL-7Ra

PerCPCy5.5

eBioscience, 45-1271
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that are members of the TNF superfamily or targets of TNF were also included.
Additionally, cytokines and growth factors that have synthetic analogs or that are ligands
for receptors with chemical agonists were chosen. Transcriptional regulators, which are
targetable or have not been previously studied in the hematopoietic system, were also
included in the screen. Of the remaining genes, many have been implicated in promoting
leukemia development and may mediate the mitogenic effects of GM, are not readily
targetable, or are not expressed in the hematopoietic system and were therefore not
included. With the 10 candidate genes that were selected, a common primer sequence
and a cDNA-specific 6-nucleotide barcode sequence were added 3’ to each
corresponding cDNA and cloned into the retroviral MIG construct. Individual barcoded
MIG-cDNAs were pooled at an equimolar ratio for transfection. Lin- cells were
transduced with MIP or MIP-RE and selected with 2 μg/mL puromycin for 48 hours.
Selected cells were then co-transduced with control MIG or a pool of barcoded MIGcDNA retrovirus at an MOI ranging from 0.375-0.5. GFP+/Lin- cells (Lineage antibodies
are listed in Table 2.5.) were isolated by fluorescence activated cell sorting (FACS) and
seeded in M3434 (StemCell Technologies) with 0.5 μg/mL puromycin (Sigma, St. Louis,
MO) and 100 U/mL penicillin/streptomycin for serial replating. Based on the
quantification of barcode reads at T0 and the number of cells initially seeded, each
barcoded cDNA was present at an average frequency ranging from 89 to 594 cells
between 3 independent experiments. On average, 15% of initially seeded cells
possessed colony-forming potential, which yielded a range of 13 to 89 colony-forming
clones for each barcoded cDNA. Each subsequent week, 1 x 104 cells were replated
under the same conditions. GFP+ cells from the 4th and 8th replating were sorted and
genomic DNA was isolated using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen).
Barcode regions were PCR amplified using the common forward primer and an IRES

60
reverse primer. The Nextera XT Index Kit (Illumina, San Diego, CA) was used to
generate a sequencing library. PCR products were gel purified, quantified, and pooled at
an equimolar ratio for MiSeq sequencing (UCSD IGM Genomics Center).
2.4.9. Cell culture
Primary C57BL/6 murine bone marrow was cultured in IMDM supplemented with
10% FBS, 100U/mL penicillin/streptomycin, 2% SCF conditioned media from BHK/MKL
cells stably expressing the secretory form of mouse SCF, and 2% IL-3 conditioned
media prepared from X63Ag-653 myeloma cells. Cells were selected with 1 μg/mL
puromycin and 500 μg/mL G418, when applicable.
2.4.10. Proliferation assays
Viable cells were counted via trypan blue exclusion.
2.4.11. Replating assays
Initially after transduction, 1 x 105 transduced primary murine bone marrow cells
were seeded for one week of drug selection in M3134 (StemCell Technologies)
supplemented with 20% bovine serum albumin, insulin, and transferrin (BIT 9500,
StemCell Tech), 15% fetal bovine serum (FBS) 100 U/mL penicillin/streptomycin,
10ng/mL rmIL-3 (Peprotech), 50ng/mL rmSCF (Peprotech), and 10ng/mL rhIL-6
(Peprotech). For selection, 1μg/mL puromycin (Sigma) and 500μg/mL G418 (Sigma)
were used, when applicable. Each subsequent week, cells were resuspended and 1 x
104 cells were replated with half the aforementioned drug concentrations.
2.4.12. Microscopy
Cytospin slides were fixed in methanol and stained with Wright-Giemsa (Sigma) for
cytological analysis. For immunofluorescence staining, slides were fixed in methanol and
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permeabilized with phosphate-buffered saline (PBS) containing 0.1 % Triton X-100. After
blocking with PBS containing 0.1 % Triton X-100 and 2% BSA, and anti-HA antibody
(Sigma, H9658) were added. Slides were washed 3 times with PBS containing 0.2%
Tween20 and incubated with PBS containing 0.1 % Triton X-100, 2% BSA, secondary
antibody conjugated to Alexa-568 (ThermoFisher , A-11004) and Hoescht 33342 stain
(ThermoFisher, H3570) then washed with PBS containing 0.2% Tween-20. All images
were acquired with an Olympus BX51 microscope, a DP71 digital camera, and the DPBSW acquisition software (Olympus, Center Valley, PA).
2.4.13. Statistical analysis
Statistical significance was determined from adequately powered sample sizes of
similar variation using two-tailed unpaired Student’s t-tests and was defined as P < 0.05.
Sample sizes are given in figure legends.
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CHAPTER 3:
Attenuation of MYC reduces the leukemic potential of RUNX1-ETO cells
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3.1. Introduction
The MYC proto-oncogene is a frequent target of activating mutations and is
commonly upregulated in cancers141. MYC encodes a helix-loop-helix transcription factor
that requires its obligatory partner MYC-associated factor X (MAX) to form the MYCMAX heterodimer to bind DNA at specific sequences. Genome-wide analyses of MYC
occupancy, coupled with gene expression profiling, have revealed that MYC functions
both as a transcriptional activator and repressor. Its target genes are involved in
regulating a multitude of cellular functions such as cell cycle, self-renewal, metabolism,
DNA damage response, and differentiation. Therefore, increased MYC levels and
activity, and consequent dysregulation of its critical target genes, drive cellular
transformation.
Expression of MYC is tightly regulated during hematopoiesis. Its expression is
highest in hematopoietic stem and progenitor cells (HSPCs) where it functions to
maintain self-renewal capacity and promote proliferation142, and decreases during
myeloid differentiation143. Downregulation of MYC to alleviate its repression on key target
genes, such as CEBPA and GADD45A, is critical for initiating hematopoietic
differentiation and apoptosis, respectively144,

145

. Previous studies have demonstrated

that RE expression enhances MYC expression and knockdown of RE in the t(8;21)
Kasumi-1 cell line results in reduced MYC levels146,

147

, which suggest that MYC

upregulation may be involved in promoting and maintaining t(8;21) leukemogenesis.
MAX, in addition to heterodimerizing with MYC, also heterodimerizes with MAD
family proteins, which include MAD1, MAD3, MAD4, and MXI1. MAX-MAD heterodimers
oppose MYC activity by displacing MYC from its target sites and recruiting transcriptional
co-repressors, such as nuclear receptor co-repressor 1 (N-CoR), and repressors, such
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as transcription regulator family member A (Sin3A), and histone deacetylase 1 (HDAC1),
to repress MYC-activated target genes148,

149

. Therefore, the ratio of MYC-MAX and

MAX-MAD complexes, which is determined by competitive binding of MAX with either
MYC or MAD proteins, is contingent on the abundance of each of these proteins and
largely influences the cellular transcriptional profile. MAX is ubiquitously and stably
expressed in cells. However, during differentiation MYC expression decreases and the
expression of MAD family genes, such as MXI1 (MAX interacting protein-1), increases to
favor MAX-MAD complex formation and inhibit MYC.
Interestingly, gene expression profiling of RE HSPCs and GSEA revealed that
MYC activity is attenuated upon GM treatment. This finding provides greater insight into
the molecular mechanisms that may drive reduced self-renewal potential and increased
differentiation of GM-treated RE HSPCs. Moreover, Mxi1 expression was also found to
be induced by GM in RE HSPCs, and Mxi1 was identified as a candidate gene that
reduces self-renewal potential of RE HSPCs from our screen. Altogether these data
suggest that Mxi1 may mediate the negative effects of GM on RE-associated
phenotypes and MYC inhibition may serve as an effective strategy for reducing the
leukemogenicity of RE HSPCs. Given the well-established role of MXI1 in inhibiting MYC
activity, and the previously reported activation of MYC by RE, we explored whether MXI1
expression and MYC knockdown are sufficient to reduce the leukemic potential of RE
HSPCs. Our data demonstrates that RE HSPCs and t(8;21) cell lines are highly sensitive
to MYC inhibition, which supports that MYC inhibition may provide an effective
therapeutic strategy for treating t(8;21) AML patients. To explore the feasibility of using
small molecules to inhibit MYC in t(8;21) cells, we utilized JQ1, an inhibitor of BET
(bromodomain and extraterminal domain)-containing proteins including BRD1-4, which
has been reported to reduce MYC expression in various cell types. Therefore, we
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examined whether JQ1 can effectively inhibit MYC expression in t(8;21) cell lines and
assessed the consequences of JQ1 treatment.
In addition to examining the effects of Mxi1 on the MYC pathway, we also
investigated the effects of MXI1 expression on the transcriptional activity of RE. RE is
generally believed to repress the expression of critical RUNX1 target genes via the
recruitment of transcriptional co-repressor, N-CoR, and repressors, Sin3A and histone
deacetylases (HDACs), to RUNX1 target genes through its ETO domain150. As
aforementioned, MXI1 also binds these transcriptional co-repressors and repressors to
inhibit gene expression. Therefore, we investigated whether MXI1 is capable of
sequestering transcriptional repressors away from RE and relieve the RE-induced
repression of RUNX1 target genes.
Overall, we discovered that RE cells are highly dependent on MYC for survival
and proliferation, which highlights the importance of targeting the MYC pathway during
t(8;21) AML treatment. We also found that MXI1 expression relieves RE-induced
repression of RUNX1 targets; however this does not appear to be mediated by MXI1
sequestering Sin3A from RE.

3.2. Results
3.2.1 MYC-associated gene signatures are attenuated in GM-CSF-treated RUNX1ETO hematopoietic stem/progenitor cells
We utilized GSEA and Ingenuity Pathway Analysis (IPA) to identify significantly
altered pathways in GM-treated RE HSPCs. One significantly altered pathway in these
cells was the MYC pathway. GSEA revealed that GM treatment of RE HSPCs restores
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the expression of MYC-downregulated targets from two independent data sets, which
suggests that GM partially attenuates MYC-associated gene signatures in RE cells
(Figure 3.1.A.)144, 151. Additionally, IPA upstream regulator analysis predicted MYC to be
inhibited in RE HSPCs treated with GM (Table 2.1.). Interestingly, the microarray data
revealed that Myc expression was unaffected after GM treatment of RE HSPCs.
Therefore, the upregulation of MYC-repressed targets to reduce leukemic potential of
GM-treated RE HSPCs appears to occur independently of MYC downregulation.
3.2.2 MXI1 expression in RUNX1-ETO hematopoietic stem/progenitor cells and
t(8;21) cell lines reduces leukemic potential
The aforementioned pathway analyses converged on attenuated MYC gene
signatures, suggesting MYC as a critical regulator of RE leukemic potential. Therefore,
we performed additional studies with Mxi1, a GM-induced gene in RE HSPCs that also
displayed significant dropout in our screen. MXI1 functions as a MYC inhibitor through its
competitive binding to the obligatory MYC binding partner MAX to interfere with the
MAX-MYC heterodimerization necessary for MYC transcriptional activity152.
Co-expression of MXI1 with RE in primary murine BM cells demonstrated that
MXI1 significantly inhibited RE cell proliferation and enhanced monocyte and
macrophage differentiation (Figure 3.1.B. and C.) and induced apoptosis (Figure 3.1.D.
and E.). Kasumi-1 and SKNO-1, the only established t(8;21) cell lines, are
chemoresistant and suffer from LOS153,

154

. Although Kasumi-1 cells have also been

found to be hyporesponsive to GM155, expression of MXI1 in these cells reduced
proliferation and induced apoptosis (Figure 3.2.A and B.), which indicates they remain
sensitive to MYC inhibition. MXI1 had similar effects in SKNO-1 cells, though to a lesser
extent. These effects were not observed in the non-t(8;21) myeloid cell lines U937 and
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Figure 3.1. GM-CSF treatment of RUNX1-ETO hematopoietic stem/progenitor cells
attenuates MYC-associated gene signatures and MXI1 expression reverses
RUNX1-ETO-associated phenotypes.
(A) GSEA of RE+GM differentially expressed genes significantly correlated with two
MYC downregulated targets gene sets. The enrichment score (ES), nominal enrichment
score (NES), nominal p-value (NOM p-val), and false discovery rate (FDR) for each
gene set are shown. (B) Relative cell numbers of primary mouse bone marrow cells cotransduced with empty vector control or RE and empty vector control or MXI1 in liquid
culture. Cell numbers for each condition were normalized to their respective Day 0 cell
counts. Error bars represent SEM of 3 independent experiments. (C) Wright-Giemsa
staining of Day 4 cells. Montage images were made for some due to low cell numbers
and density on cytospin slides. (Original magnification, 400X). (D) Flow cytometric
analysis of the percentage of Annexin V+ primary mouse bone marrow cells cotransduced control or RE and control and MXI1 during liquid culture. Annexin V+
percentages were normalized to control cells. Error bars represent SEM of 3
independent experiments (* indicates p<0.05, # indicates p<0.01). (E) Representative
flow cytometric analysis of Annexin V+ and 7AAD+ populations of cells from (B) at Day 2.
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Figure 3.2. MXI1 expression inhibits RUNX1-ETO-associated phenotypes in t(8;21)
AML cell lines.
(A) Relative cell numbers of and (B) flow cytometric analysis of the percentage of
Annexin V+ Kasumi-1 and SKNO-1 cells transduced with control or MXI1 in liquid culture
(bottom). Cell numbers for each condition were normalized to their respective Day 0 cell
counts. Error bars indicate SEM of 3 independent experiments (* indicates p < 0.05, #
indicates p < 0.01). (C) Relative cell numbers of and flow cytometric analysis of the
percentage of Annexin V+ U937 and K562 cells transduced with control or MXI1 in liquid
culture. Cell numbers for each condition were normalized to their respective Day 0 cell
counts. Error bars indicate SEM of 3 independent experiments (* indicates p < 0.05, #
indicates p < 0.01). (E) Relative colony forming units (CFUs) and (F) Wright-Giemsa
staining of sorted primary human CD34+ cells transduced with RE and MXI1 after 17
days in methycellulose. CFUs were normalized to control cells with no RE or MXI1
expression. Error bars represent SEM of 3 independent experiments (* indicates p <
0.05).
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K562 (Figure 3.2.C. and D.). MXI1 expression also specifically reduced the colony
forming ability and promoted myeloid differentiation of primary human CD34+ RE HSPCs
(Figure 3.2.E. and F.).
3.2.3 MYC knockdown reduces the leukemic potential of t(8;21) cell lines
In order to verify that the effects of MXI1 are due to its role in regulating MYC
activity, we knocked down MYC using three independent shRNA sequences in Kasumi1, SKNO-1, U937, and K562 cells. Although the t(8;21) cell lines Kasumi-1 and SKNO-1
displayed less MYC knockdown compared to the non-t(8;21) cell lines U937 and K562
(Figure 3.3.A. and B.), they displayed greater increases in apoptosis upon MYC
knockdown (Figure Figure 3.3.C.) and greater reductions in cell proliferation (Figure
3.4.A.), indicating they are highly dependent on MYC for survival and proliferation.
Next, the expression of two critical MYC-repressed targets, CEBPA and
GADD45A, upon MYC knockdown was also examined. C/EBPα is a critical regulator of
granulopoiesis and its expression enables hematopoietic progenitors to differentiate.
Importantly, RE also represses CEBPA expression, which results in the early myeloid
differentiation block that is characteristic of RE expression102,

156

. GADD45A has been

reported to function as a tumor suppressor by inhibiting cell cycle progression and
promoting apoptosis157, and its methylation has been implicated in poor prognostic
outcome in AML158. Interestingly, although the t(8;21) Kasumi-1 cells displayed less
MYC knockdown compared to the non-t(8;21) U937 and K562 cells, the expression of
the critical MYC-repressed targets CEBPA and GADD45A was restored in these cells
(Figure 3.4.B.).
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Figure 3.3. MYC knockdown induces apoptosis in t(8;21) human cell lines.
(A) Western blot analysis of MYC levels in cells expressing non-targeting control
shRNAs or 3 unique shRNAs targeting MYC. (B) Quantification of MYC levels by
Western Blot upon shRNA-mediated knockdown. Error bars represent SEM of 3
independent experiments. MYC levels are normalized to shCtrl samples. (C) Flow
cytometric analysis of the percentage of Annexin V+ apoptotic cells upon MYC
knockdown (bottom). Error bars represent SEM of 3 independent experiments (*
indicates p < 0.05, # indicates p < 0.01).
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Figure 3.4. MYC knockdown reduces proliferation of t(8;21) cell lines and and
restores MYC-repressed targets in Kasumi-1 cells.
(A) Relative cell numbers of Kasumi-1 (top, left), SKNO-1 (bottom, left), U937 (top, right),
and K562 (bottom, right) cells upon MYC knockdown. Error bars represent SEM of 3
independent experiments. (B) Quantitative reverse transcription PCR (qRT-PCR) of
CEBPA mRNA levels (top) and GADD45A mRNA levels (bottom) upon MYC knockdown
at Day 4. The mRNA levels were normalized to the respective controls for each cell line.
Error bars represent SEM of 3 independent experiments (* indicates p < 0.05, # indicates
p < 0.01).
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3.2.4 JQ1 treatment reduces the leukemic potential of RUNX1-ETO hematopoietic
stem/progenitor cells and t(8;21) cell lines
JQ1 is a potent small molecule inhibitor of BET-containing proteins, which
include the BRD1-4 chromatin adaptors. JQ1 has been demonstrated to most strongly
inhibit BRD4. BRD4 has been reported to activate MYC expression, and inhibition of
BRD4 with JQ1 has been demonstrated to downregulate MYC159, 160. Additionally, gene
expression profiling of cells treated with JQ1 revealed MYC to be one of the most
downregulated genes159. However, tumor cells display varying sensitivity to JQ1 in MYC
downregulation161.

Therefore,

we

investigated

whether

JQ1

could

effectively

downregulate MYC in chemoresistant t(8;21) cell lines and elicit similar phenotypes as
shRNA-mediated knockdown of MYC. In fact, the t(8;21) cell lines exhibited significant
reduction in MYC upon JQ1 treatment (Figure 3.5.A. and B.). Additionally, the t(8;21) cell
lines exhibited reduced cell viability, increased apoptosis (Figure 3.5.C. and D.), and
reduced colony forming ability at much lower concentrations of JQ1 compared to the
U937 and K562 cell lines (data not shown). The effect of JQ1 on the colony forming
ability of primary human CD34+ RE HSPCs was also found to be more significantly
reduced at lower concentrations of JQ1 compared to control CD34+ HSPCs (Figure
3.5.E.). These results reinforce that JQ1 treatment reduces leukemia cell proliferation in
RE9a/NRasG12D/p53-/- AML, a mouse model for RE leukemia162, and indicates that JQ1
also reduces the leukemic potential of primary human RE cells. Expression of the critical
MYC-repressed targets CEBPA and GADD45A were also restored upon JQ1 treatment
in the t(8;21) cell lines, and to a lesser extent in U937 cells (Figure 3.5.F. and G.).
These findings reveal the importance of GM signaling in RE cells to counteract
MYC-associated gene signatures, and activate the expression of critical MYC-repressed
tumor suppressor genes and other differentiation-related genes to reduce leukemic
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Figure 3.5. JQ1 treatment reduces proliferation and induces apoptosis in t(8;21)
cell lines.
(A) Western blot analysis and (B) quantification of MYC levels in Kasumi-1, SKNO-1,
U937, and K562 cells treated with indicated JQ1 concentrations. Error bars represent
SEM of 3 independent experiments. (C) Viability and (D) flow cytometric analysis of the
percentage of Annexin V+ cells of Kasumi-1, SKNO-1, U937, and K562 cells treated with
indicated JQ1 concentrations. (E) Relative colony forming units (CFUs) of sorted primary
human CD34+ cells transduced with control or RE and seeded with indicated
concentrations of JQ1. CFUs were normalized to untreated control cells. Error bars
indicate SEM of 3 independent experiments (* indicates p < 0.05, # indicates p < 0.01).
(F) Quantitative reverse transcription PCR (qRT-PCR) of CEBPA mRNA levels and (G)
GADD45A mRNA levels (right) in indicated cells after a 48-hour treatment with indicated
JQ1 concentrations. The mRNA levels were normalized to the respective untreated
controls for each cell line. Error bars represent SEM of 3 independent experiments (*
indicates p < 0.05, # indicates p < 0.01).
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potential (Figure 3.6.).
3.2.5 MXI1 relieves the RUNX1-ETO-induced repression of RUNX1 target sites
The RE oncofusion protein contains the RUNX1 DNA-binding domain, which
localizes it to RUNX1 target sites, and the ETO regions, which recruits transcriptional corepressors, such as N-CoR, and repressors, such as Sin3A and HDACs, to facilitate
transcriptional repression163-166. This transcriptional repression of RUNX1 target genes
by RUNX1-ETO is generally believed to initiate the molecular events involved in
promoting leukemogenesis102, 103. Because MXI1 also binds and recruits N-CoR, Sin3A,
and HDACs to suppress the expression of MYC target genes, we hypothesized that
MXI1 expression may compete with RE for the binding of transcriptional repressors.
Therefore, overexpression of MXI1 may sequester these transcriptional repressors away
from RE, which could potentially alleviate the RE-induced suppression of RUNX1 targets
and reverse RE-associated phenotypes. To test this, HEK293T cells were transfected
with linearized pBAAE#35-TK-luc vector, which contains two validated RUNX1-binding
sites and a minimal thymidine kinase (TK) promoter upstream of a Firefly luciferase
reporter and the puromycin resistance gene167. HEK293T cells were cultured with
puromycin to select for cells with stable genomic integration of the vector (HEK293TpBAAE#35-TK-luc). Independently transfected and puromycin-selected HEK293T cells
were assessed for luciferase activity and two independent cell lines with high basal
luciferase activity were used for subsequent experiments.
HEK293T-pBAAE#35-TK-luc cell lines were co-transfected with a Renilla
luciferase vector and pcDNA3.1-HA (Control) or pcDNA3.1-HA-RE (RE) or pcDNA3.1HA-MXI1 (MXI1) or pcDNA3.1-HA-AE and pcDNA-HA-MXI1 (RE + MXI1). Luciferase
activity was measured 48 hours and 72 hours after transfection (Figure 3.7.A.). RE has
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Figure 3.6. Proposed mechanism of the inhibitory effects of GM-CSF on the
leukemic potential of RUNX1-ETO hematopoietic stem/progenitor cells.
Hematopoietic stem/progenitor cells (HSPCs) rely on high levels of MYC to maintain
self-renewal potential and prevent differentiation. MYC represses the expression of
critical target genes that function as positive regulators of differentiation, such as the
transcription factor CEBPA. The transition from HSPCs to differentiated cells requires
repression of MYC and MYC activity. Reduced MYC activity allow upregulation of MYCrepressed target genes, such as CEBPA, which aid in enforcing terminal differentiation.
In RE HSPCs, RE expression upregulates MYC and enhances self-renewal potential.
Increased MYC levels in RE HSPCs also results in the downregulation of MYCrepressed targets, such as CEBPA and other positive regulators of differentiation.
Additionally, RE has also been reported to repress CEBPA expression, which further
contributes to the myeloid differentiation block. However, upon GM treatment of RE
HSPCs, upregulation of MYC-repressed targets is observed. Although GM does not
affect MYC levels directly, it restores the expression of MYC-repressed targets which aid
RE HSPCs in overcoming their differentiation block and undergo myelopoiesis. MYC
inhibition also elicits similar effects. Altogether, both GM and MYC inhibition promote
upregulation of MYC-repressed target genes, which results in the differentiation of RE
HSPC to ultimately reduce leukemic potential.
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previously been demonstrated to suppress pBAAE#35-TK-luc promoter activity167. As
expected, HEK293T-pBAAE#35-TK-luc cells transfected with RE exhibited less than half
the promoter activity relative to control-transfected cells. Transfection with MXI1 alone
did not significantly alter promoter activity. Interestingly, co-transfection with RE and
MXI1 alleviated the RE-induced promoter repression and resulted in restoration of
promoter activity to levels similar to those observed in control-transfected cells.
To delve deeper into the mechanism underlying the alleviation of RE-induced
promoter repression in the presence of MXI1, we performed co-immunoprecipitation
experiments. Because RE and MXI1 bind to similar co-repressors to facilitate
transcriptional repression, we assessed whether ectopic expression of MXI1 sequesters
the transcriptional repressor Sin3A from RE. If so, one would expect a reduction in RE
and Sin3A binding upon ectopic MXI1 expression. High levels of RE expression are toxic
to cells, which generally results in cells being forced to express low levels of RE.
Therefore, since the RE oncofusion protein includes the majority of the ETO protein, we
substituted RE with FLAG-tagged ETO to avoid cellular toxicity and to enhance protein
expression. Additionally, we used an HA-tagged MXI1. HEK293T cells were transiently
transfected with FLAG-ETO (ETO) or with FLAG-ETO and HA-MXI1 (ETO + MXI1).
Expression of tagged proteins and endogenous Sin3A expression was confirmed by
western blot of whole cell lysate (Figure 3.7.B.). We performed co-immunoprecipitation
of endogenous Sin3A and transiently transfected ETO or ETO + MXI1. As a negative
control, co-immunoprecipitation of GST was performed in parallel. ETO was successfully
co-immunoprecipitated with Sin3A, although there was also ETO pulled down in the GST
control (Figure 3.7.C.). In lysate from cells transfected with ETO + MXI1, MXI1 coimmunoprecipitated

with

Sin3A

and

there

was

no

reduction

in

ETO

immunoprecipitation. Altogether our data indicates that MXI1 expression does not

co-
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Figure 3.7. MXI1 alleviates the RUNX1-ETO-induced repression of RUNX1
transcriptional target sites independently of inhibiting Sin3A recruitment to ETO.
(A) Relative luciferase activity of HEK293T-pBAAE#35-TK-luc cells transiently
transfected with Renilla luciferase vector and pcDNA3.1-HA (Control) or pcDNA3.1-HARE (RE) or pcDNA3.1-HA-MXI1 (MXI1) or pcDNA3.1-HA-AE and pcDNA-HA-MXI1 (RE
+ MXI1). Luciferase activity was measured 48 hours and 72 hours after transfection.
Error bars represent SEM of 4 independent experiments (* indicates p < 0.05, # indicates
p < 0.01) (B) Western blot of HEK293T cells transfected with FLAG-tagged ETO and
HA-tagged MXI1 for endogenous Sin3A and ectopic ETO and MXI1 expression. (C) Coimmunoprecipitation of FLAG-ETO and HA-MXI1 with control GST or Sin3A from
HEK293T cells transfected with FLAG-tagged ETO and HA-tagged MXI1.
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sequester Sin3A from or reduce Sin3A binding to ETO, and presumably RE. Therefore,
how MXI1 alleviates the RE-induced transcriptional repression of RUNX1 target sites
remains unclear and should be investigated more thoroughly.

3.3. Discussion
By identifying mechanisms mediating the inhibitory effects of GM on RE
leukemogenesis, and activating or restoring them directly in t(8;21) cells, there exists
potential to uncover alternative therapeutic strategies that could be broadly applicable to
t(8;21) AML. In this study, we discovered that attenuation of MYC-associated gene
signatures is a crucial mechanism mediating the inhibitory effects of GM on RE
leukemogenesis. Inhibition of MYC, either by ectopic MXI1 expression or shRNAmediated MYC knockdown, in t(8;21) cell lines efficiently reduced cell proliferation and
induced apoptosis. Additionally, we discovered that MYC inhibition resulted in the
reactivation of critical MYC-repressed target genes, which were also activated by GM
treatment of RE HSPCs. Altogether, our data indicate that MYC inhibition or restoration
of critical MYC-repressed targets may serve as a promising therapeutic strategy for
treating t(8;21) AML patients, including those who are hyporesponsive to GM.
Importantly, the t(8;21) Kasumi-1 cell line, which is chemoresistant and
hyporesponsive to GM, was highly sensitive to MYC inhibition. This suggests that
although GM-responsiveness has been compromised in these cells, they remain
sensitive to the downstream mechanisms responsible for mediating the negative effects
of GM. However, the chemoresistant t(8;21) SKNO-1 cell line was less sensitive to MYCinhibition compared to Kasumi-1 cells. We hypothesize that these differences are due to
the fact that the SKNO-1 cell line was initially established as a GM-dependent cell line
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and are therefore more resistant to the negative effects of GM, as well as the
downstream mechanisms mediating its effects. These findings reinforce that MYC
inhibition is effective in reducing the leukemic potential of t(8;21) cells, regardless of their
degree of sensitivity to GM, which is especially pertinent to patients also exhibiting LOS.
Furthermore, we made the novel discovery that MXI1 expression aids in
alleviating the RE-induced transcriptional repression of RUNX1 target sites. This
provides an additional mechanism, aside from MYC inhibition, by which MXI1 promotes
differentiation and inhibits proliferation and self-renewal in RUNX1-ETO cells. Coimmunoprecipitation experiments found that ectopic MXI1 expression does not result in
reduced Sin3A and ETO binding, suggesting that this alleviation occurs independently of
MXI1 sequestering Sin3A away from RE. Nevertheless, N-CoR and HDACs are also
critical transcriptional co-repressors and repressors that are commonly bound by RE and
MXI and may exhibit differential binding to ETO and RE upon MXI1 expression;
therefore, they should be investigated further.
In summary, here we elucidate a novel mechanism for the negative effects of GM
on t(8;21) cells. Our findings indicate that attenuation or inhibition of MYC, either from
GM treatment or shRNA-mediated MYC knockdown, restores the expression of MYCrepressed genes that are critical in promoting differentiation and apoptosis in t(8;21)
cells to reduce leukemic potential. We also found that the small molecule inhibitor JQ1
effectively reduced MYC expression in t(8;21) cells. Altogether, we provide further
experimental support for MYC inhibition as an effective therapeutic strategy for t(8;21)
AML patients, which should be investigated clinically.
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3.4. Materials and Methods
3.4.1 Plasmids
For co-expression of RE with MXI1 in primary human CD34+ cells, RE was
cloned into MSCV-IRES-tdTomato, which is identical to MIG, except the EGFP has been
replaced with tdTomato and MXI1 was cloned into the MIG construct. For shRNA
knockdown, control scrambled shRNA (gift from David Sabatini, Addgene plasmid
#1864) and human MYC shRNA constructs TRCN0000039639, TRCN0000039640, and
TRCN0000039641 (GE Lifesciences, Pittsburgh, PA) were used.
3.4.2 Cell culture
Cell lines were cultured in RPMI supplemented with 10% fetal bovine serum
(FBS) and 100U/mL penicillin/streptomycin. Although SKNO-1 cells were initially
established as a GM-CSF-dependent cell line154, over time in culture, they have lost their
cytokine dependence. Primary C57BL/6 murine bone marrow was cultured in IMDM
supplemented with 10% FBS, 100U/mL penicillin/streptomycin, 2% SCF conditioned
media from BHK/MKL cells stably expressing the secretory form of mouse SCF, and 2%
IL-3 conditioned media prepared from X63Ag-653 myeloma cells. Cell lines were
validated by reverse transcriptase-polymerase chain reaction (RT-PCR) of oncofusion
proteins (data not shown).
3.4.3 Proliferation assays
Viable cells were counted via trypan blue exclusion or subjected to the CellTiter
96 Aqueous One Solution Cell Proliferation Assay (MTS) according to manufacturer’s
protocol (Promega, Madison, WI).

82
3.4.4 Flow Cytometry
For apoptosis studies, APC-conjugated Annexin V and 7AAD (BD Pharmingen,
550475 and 559925, San Jose, CA) were used.
3.4.5 Colony forming assays
For colony forming assays, human cells were seeded in H4534 (StemCell Tech)
with 100 U/mL penicillin/streptomycin.
3.4.6 Western blot
Primary antibodies included rabbit anti-c-MYC (1:5000) (Abcam, ab32072.
Cambridge, UK), rabbit anti-Sin3A (Santa Cruz Biotechnology, sc-994), mouse antiHA.11 (Covance, MMS101P, Princeton, NJ), mouse anti-FLAG M2 (Sigma, F1804, St.
Louis, MO), mouse anti-α-tubulin (Sigma, T9026), and mouse anti-β-actin (Sigma,
A2228) antibodies. Licor (Lincoln, NE) IRDye 680 anti-rabbit (926-32221) and IRDye 800
anti-mouse (926-32210) secondary antibodies (1:10000) were used for visualization on a
LI-COR Odyssey Classic imager.
3.4.7 Quantitative reverse-transcription PCR (qRT-PCR)
RNA was isolated using the TRIzol method (Life Technologies, Carlsbad, CA).
cDNA was generated using QuantiTect Reverse Transcription (Qiagen) kits. Quantitative
PCR was done and analyzed with the CFX Connect Real-Time PCR Detection System
(Bio-Rad) using the KAPA SYBR FAST qPCR Kit (Kapa Biosystems, Wilmington, MA)
with 0.25 μM of each primer performing 30-40 cycles of 95°C for 5 seconds and 60°C for
30 seconds. Primers for qPCR are provided in Table 3.1. The cycle threshold (Ct) values
for the no reverse transcriptase control samples were more than 10 Ct values greater
than the samples with reverse transcriptase (data not shown). The qPCR products were
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Table 3.1. Human qPCR primers

Human Primers

Sequence (5’ to 3’)

hCEBPA-For

AACCTTGTGCCTTGGAAATG

hCEBPA-Rev

CCCTATGTTTCCACCCCTTT

hGADD45A-For

CCCTGATCCAGGCGTTTTG

hGADD45A-Rev

GATCCATGTAGCGACTTTCCC

hGAPDH-For

TCGCTCAGACACCATGGGGAAG

hGAPDH-Rev

GCCTTGACGGTGCCATGGAATTTG

hMXI1-For

GCGCCTTTGTTTAGAACGCTT

hMXI1-Rev

AATGCTGTCCATTCGTATTCGT

hRNAPolII-For

GCACCACGTCCAATGACAT

hRNAPolII-Rev

GTGCGGCTGCTTCCATAA
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run out on 1.8% agarose gels to confirm there was no product in the no reverse
transcriptase control samples and that products were of the correct size in samples with
reverse transcriptase (data not shown).
3.4.8 Luciferase assay
HEK293T cells were transfected with 5 μg of gel purified pBAAE#35-TK-luc
linearized with BglII. 24 hours after transfection, cells were selected and passaged with 2
μg/mL puromycin for 6 days, after which puromycin was reduced to 1 μg/mL. Single
wells of a 6-well plate of HEK293T-pBAAE#35-TK-luc cells were co-transfected with 10
ng of Renilla luciferase vector and a total of 800 ng of pcDNA3.1 vector. Cells from a
single well of a 6-well plate were used to generate lysate, and 8% of the lysate was used
for the Dual-Luciferase Reporter Assay System (Promega) according to manufacturer’s
protocol.
3.4.9. Co-immunoprecipitation
HEK293T cells were transfected with 1 μg of pCMV3xFLAG7.1-ETO and 9 μg of
pcDNA3.1(+) or pcDNA3.1(+)-HA-MXI1 in a 10 cm plate. Cells were harvested 48 hours
post transfection and lysed in 900 μL of 50mM HEPES, 150mM NaCl, 1% glycerol, 1%
Triton-X 100, 1.5mM MgCl2, 5mM EGTA, cOmplete Protease Inhibitor (Roche), and
PhosStop (Roche). 10 μL of Protein A beads (Thermo Fisher Scientific, 15918014) were
pre-cleared and incubated with 250 μL of lysate, 250 μL of lysis buffer, and 1 μg of rabbit
anti-Sin3A antibody (Santa Cruz, sc-994) or 2ug of anti-GST antibody (A455) with
rotation for 5 hours at 4ºC. Beads were washed 5 times with 500 μL of lysis buffer and
eluted in sample buffer for western blotting.
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3.4.10. Statistical analysis
Statistical significance was determined from adequately powered sample sizes of
similar variation using two-tailed unpaired Student’s t-tests and was defined as P < 0.05.
Sample sizes are given in figure legends.
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CHAPTER 4:
CSF2RA is post-transcriptionally downregulated in t(8;21) cell lines
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4.1. Introduction
Given the importance of GM-CSF signaling in negatively regulating t(8;21)
leukemogenesis, proper regulation of the expression of CSF2RA and CSF2RB, the
genes encoding the GM-CSF receptor, is critical to prevent leukemic transformation.
LOS, which is frequently observed in t(8;21) patients, results in haploinsufficiency of the
PAR gene CSF2RA and aids in reducing GM signaling in these cells to promote
leukemogenesis. In support of this is the observation that CSF2RA is one of the most
significantly downregulated PAR genes in t(8;21) patients108, 109.
In addition to gene dosage alteration, which occurs with LOS-driven
haploinsufficiency, the expression of CSF2RA can be regulated through alternative
mechanisms. The PU.1 and C/EBPα transcription factors have been reported to bind the
CSF2RA promoter and activate its expression168. Interestingly, expression of SPI1, the
gene encoding PU.1, and CEBPA have been found to be repressed by RE102, 103, which
may further contribute to reduced CSF2RA expression in RE-expressing cells.
Gene expression can also be regulated post-transcriptionally through the 5’ and
3’ untranslated regions (UTRs) of the messenger RNA (mRNA)169. The 5’ UTR is
upstream of the start codon and contains ribosomal binding sites that allow for
translation of the protein coding sequence169. The 5’ UTR can also contain cis-acting
regulatory elements that can impact translation169. The 3’ UTR is downstream of the
translational stop codon and often contain binding sites for microRNAs (miRNAs),
adenylate-uridylate-rich (AU-rich) elements binding proteins (ARE-BP), poly(A) binding
proteins (PABP), and other regulatory elements169. The UTRs provide an additional
complex layer of post-transcriptional gene regulation that are often targeted and
perturbed during cellular transformation170, 171.
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The GM receptor, encoded by CSF2RA and CSF2RB, is expressed on
hematopoietic cells of the myeloid lineage. Its expression increases with differentiation,
is highest on monocytes, macrophages, dendritic cells, and granulocytes, and has been
found to be dysregulated in AML112,

113, 172-174

. As mentioned previously, CSF2RA is

significantly downregulated in t(8;21) AML patients compared to non-t(8;21) AML
patients of the M2 subtype108,

109

. Additionally, the t(8;21) Kasumi-1 cell line has lower

levels of CSF2RA expression compared to other myeloid leukemia cell lines and
leukemia cells from t(8;21) patients have been reported to be hyporesponsive to GM114,
115, 175

. Although these observations could be attributed to the high frequency of LOS and

subsequent haploinsufficiency of CSF2RA in t(8;21) patients, we found that when the
cDNA of CSF2RA was ectopically expressed, CSF2RA expression in t(8;21) cell lines
was much lower compared to in non-t(8;21) cell lines. In this study, we sought to
address the differences in CSF2RA expression in t(8;21) cells versus non-t(8;21) cells
and discovered that CSF2RA is downregulated via the 3’ UTR in t(8;21) cells. This
mechanism of post-transcriptional downregulation of CSF2RA through its 3’ UTR may
also aid in explaining the hyporesponsiveness of t(8;21) leukemia cells to GM. With the
newfound role of GM signaling in negatively regulating t(8;21) leukemogenesis,
downregulation of CSF2RA through its 3’ UTR serves as an additional mechanism to
reduce GM signaling in t(8;21) cells and promote leukemic transformation. Therefore, it
is imperative to clarify the mechanisms by which CSF2RA is downregulated via it’s 3’
UTR in t(8;21) cells.
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4.2. Results
4.2.1. CSF2RA is downregulated in t(8;21) cell lines
To assess the effects of CSF2RA cDNA expression, we transduced the t(8;21)
cell lines, Kasumi-1 and SKNO-1, and the U937 and K562 cell lines, with MIP5’+CSF2RA+3’, which includes the ~170bp CSF2RA 5’ UTR, the 1.2Kb coding
sequence, and the ~460bp 3’ UTR (Figure 4.1.). Unexpectedly, flow cytometric analysis
of CSF2RA (CD116) expression revealed that the percentage of CSF2RA+ cells
decreased over time in the t(8;21) Kasumi-1 and SKNO-1 cells. Next, we transduced the
same cell lines with MIG and MIG-5’+CSF2RA+3’, which is identical to MIP with the
exception of containing an EGFP reporter downstream of the internal ribosomal entry
site (IRES) instead of the puromycin resistance gene. The IRES allows for GFP to be
independently translated from the same mRNA transcript as CSF2RA and serves as a
reporter for retroviral transcript expression. In cells transduced with control MIG, the
percentage of GFP+ cells remained constant across all cell lines over time (Figure
4.2.A.). Conversely, in cells transduced with MIG-5’+CSF2RA+3’, the percentage of
GFP+ cells decreased in the t(8;21) Kasumi-1 and SKNO-1 cell lines over time (Figure
4.2.B.). Since GFP acts as a reporter for transcript expression and its expression also
decreased in the t(8;21) cell lines, this implies that the reduction in both CSF2RA and
GFP expression is likely due to the entire retroviral transcript being downregulated in
t(8;21) cell lines.
4.2.2 CSF2RA is downregulated through the 3’ UTR in t(8;21) cell lines
As aforementioned, MIP-5’+CSF2RA+3’ contains the entire CSF2RA cDNA,
including the 5’ and 3’ UTRs. Therefore, we hypothesized that the UTRs were subjecting
the retroviral transcript to post-transcriptional downregulation. To determine whether the
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Figure 4.1. CSF2RA expression decreases in t(8;21) cell lines.
Cell lines were transduced with MIP-5’+CSF2RA+3’, which includes the CSF2RA
~170bp 5’ UTR (purple), the 1.2Kb coding sequence (grey), and the ~460bp 3’ UTR
(blue). Flow cytometric analysis of CSF2RA (CD116) expression over time. Error bars
represent SEM of 3 independent experiments.
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Figure 4.2. EGFP reporter expression decreases over time in t(8;21) cell lines.
Cell lines were transduced with control MIG and MIG-5’+CSF2RA+3’, which includes the
CSF2RA ~170bp 5’ UTR, the 1.2Kb coding sequence, and the ~460bp 3’ UTR, followed
by an internal ribosomal entry site (RES) and an EGFP reporter to allow EGFP
expression from the same transcript as CSF2RA. Flow cytometric analysis of GFP
expression over time. Error bars represent SEM of 3 independent experiments.
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UTRs mediate the observed downregulation of CSF2RA expression, several constructs
with various UTR combinations were generated (Figure 4.3.A.). The coding sequence of
CSF2RA, with no UTRs, was cloned into MIP (MIP-CSF2RA), as well as the 5’ UTR and
CSF2RA coding sequence (MIP-5’+CSF2RA), and the CSF2RA coding sequence and 3’
UTR (MIP-CSF2RA+3’) (Figure 4.3.A.). These constructs were then transduced into the
Kasumi-1, SKNO-1, U937, and K562 cell lines (Figure 4.3.B.) All cells transduced with
MIP-CSF2RA and MIP-5’+CSF2RA exhibited a constant percentage of CSF2RA+ cells
over time. However, when cells were transduced with MIP-5’+CSF2RA+3’ and MIPCSF2RA+3’, the percentage of CSF2RA+ cells decreased over time in the Kasumi-1 cell
line, and slightly decreased in the SKNO-1 cell line. Furthermore, to assess whether
CSF2RA expression is being downregulated at the mRNA or protein level, we compared
the expression of CSF2RA mRNA in Kasumi-1 cells transduced with the various UTR
combinations at Days 0 and 6 (Figure 4.3.C.). Kasumi-1 cells transduced with constructs
containing the 3’ UTR exhibited downregulation of the CSF2RA mRNA at Day 6
compared to Day 0, which was not observed when the 3’ UTR was absent. These data
indicate that the CSF2RA transcript is subjected to downregulation via the 3’ UTR at the
mRNA level in t(8;21) cell lines.
Because the downregulation of CSF2RA was only observed in the t(8;21) cell
lines Kasumi-1 and SKNO-1, we sought to address whether RUNX1-ETO influences
CSF2RA expression. The non-t(8;21) K562 cell line was transduced with MIP control or
MIP-RUNX1-ETO and selected with puromycin. After drug selection, these cells were
co-transduced with MIP-CSF2RA+3’. The expression of CSF2RA in K562 cells was
unaffected with the expression of RUNX1-ETO, suggesting that RUNX1-ETO is not
responsible for the downregulation of CSF2RA (Figure 4.3.D.).
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Figure 4.3. The 3’ UTR mediates downregulation of CSF2RA in t(8;21) cell lines.
(A) Schematic of the various MIP constructs containing combinations of the CSF2RA 5’
UTR (purple), the coding sequence (grey), and the 3’ UTR (blue). (B) Flow cytometric
analysis of CSF2RA (CD116) expression over time in cell lines transduced with
constructs from (A). Error bars represent SEM of 3 independent experiments. (C) qRTPCR of CSF2RA expression of Kasumi-1 cells from (B) at Day 0 and Day 6. CSF2RA
expression was normalized to Day 0 values. Error bars represent SD of 1 experiment.
(D) K562 cells were transduced with MIP control or MIP-RUNX1-ETO. After drug
selection, cells were co-transduced with MIP-CSF2RA+3’ and expression of CSF2RA
(CD116) was measured by flow cytometry. Error bars represent SD of 1 experiment.
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Next we sought to identify factors targeting the 3’ UTR for the post-transcriptional
downregulation. The 3’ UTR can house binding sites for miRNAs. Binding of a miRNA to
its target initiates recruitment of the RNA-induced silencing complex (RISC) and results
in either cleavage of the transcript or inhibition of translation. Using miRWalk 2.0, the 3’
UTR of CSF2RA was searched for putative miRNA binding sites (Figure 4.4.A.).
Additionally, global miRNA expression profiling datasets of the Kasumi-1 and K562 cell
lines were used to identify miRNAs predicted by miRWalk 2.0 to bind the CSF2RA 3’
UTR that are expressed in Kasumi-1 cells. Together, this resulted in the identification of
9 candidate miRNAs. Each miRNA, along with 300 nucleotides upstream and
downstream of the miRNA sequence, was cloned into the MIP vector. The cell line K562,
which does not exhibit downregulation of CSF2RA when the 3’ UTR is present, was
utilized to screen for miRNAs capable of downregulating the 3’ UTR. K562 cells were
transduced with individual miRNAs. Following puromycin drug selection for transduced
cells, cells were co-transduced with MIP-CSF2RA+3’ to screen for downregulation of
CSF2RA in the presence of the various miRNAs. Expression of the 9 miRNAs in K562
cells did not result in the downregulation of CSF2RA, suggesting these miRNAs are not
responsible for the downregulation of CSF2RA through its 3’ UTR (Figure 4.4.B.).
4.2.3. The CSF2RA coding sequence and 3’ UTR are required for maximal
downregulation
In order to further confirm that the 3’ UTR is solely responsible for the
downregulation of the retroviral transcript, we generated two constructs to eliminate the
possibility that IRES or coding sequence is involved in this process. To test whether the
IRES is involved, the IRES and puromycin resistance gene were removed from the MIPCSF2RA and MIP-CSF2RA+3’ construct to generate MSCV-CSF2RA and MSCV-
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Figure 4.4. Candidate CSF2RA 3’ UTR-targeting miRNAs do not promote
downregulation of CSF2RA in K562 cells.
(A) miRWalk 2.0 was used to search various miRNA targets databases for putative
miRNA binding sites and miRNAs predicted to target the 3’ UTR of CSF2RA. For each
database, a score of 1 is given when a miRNA is predicted to target the 3’ UTR of
CSF2RA. A total score is generated by adding up individual scores from each database,
and a total score minimum threshold of 4 was set for this study. Two publicly available
GEO datasets of global miRNA expression in the Kasumi-1 (GSM506744) and K562
(GSE57679) cell lines was used to generate an expression heatmap of the candidate
miRNAs (highlighted in red). (B) K562 cells were transduced with MIP control or with the
indicated MIP-miRNA. After drug selection, cells were co-transduced with MIPCSF2RA+3’ and the expression of CSF2RA (CD116) was measured by flow cytometry.
Error bars represent SD of 1 experiment.
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CSF2RA+3’, respectively (Figure 4.5.A.). The Kasumi-1 and K562 cell lines were
transduced with MSCV-CSF2RA and MSCV-CSF2RA+3’. Surprisingly, Kasumi-1 cells
transduced with MSCV-CSF2RA displayed reduced CSF2RA expression over time;
however, the reduction was not as severe as in cells transduced with MSCVCSF2RA+3’. This result indicates that the IRES is not involved in the downregulation
process, and removal of the IRES enhanced CSF2RA downregulation even in the
absence of the 3’ UTR. Quantification of CSF2RA mRNA levels in these cells also
revealed that CSF2RA mRNA was downregulated in Kasumi-1 cells transduced with
MSCV-CSF2RA, but was more severely downregulated when the 3’ UTR was present
(Figure 4.5.B.). As expected, downregulation of CSF2RA mRNA was not observed in
K562 cells. Altogether, this suggests that the coding sequence of CSF2RA is also
targeted for downregulation in Kasumi-1 cells. This result was unexpected because
Kasumi-1 cells transduced with the MIP-CSF2RA did not exhibit the same degree of
CSF2RA downregulation as those transduced with MSCV-CSF2RA. The observed
differences may be attributed to a steric block initiated by the recruitment of translational
machinery to the IRES, which could hinder factors from binding to the coding sequence
to promote its degradation, and is rescued upon its removal.
With this newfound discovery that the CSF2RA coding sequence is also targeted
for downregulation, we sought to test whether the coding sequence of CSF2RA was
required for downregulation of CSF2RA via its 3’ UTR. The CSF2RA coding sequence
was removed from MSCV-CSF2RA and MSCV-CSF2RA+3’ and replaced with EGFP to
generate MSCV-EGFP and MSCV-EGFP+3’, respectively (Figure 4.6.). The Kasumi-1
and K562 cell lines were transduced with MSCV-EGFP and MSCV-EGFP+3’ and the
percentage of GFP+ cells was measured over time. Unexpectedly, Kasumi-1 cells
transduced with MSCV-EGFP 3’ did not exhibit any decrease in the percentage of GFP+
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Figure 4.5. The CSF2RA coding sequence and 3’ UTR are targeted for
downregulation in Kasumi-1 cells.
(A) Kasumi-1 and K562 cells were transduced with MSCV-CSF2RA and MSCVCSF2RA+3’ and CSF2RA (CD116) expression was measured by flow cytometry. Error
bars represent SD of 2 independent experiments. (B) qRT-PCR of CSF2RA expression
of Kasumi-1 cells from (A) at Day 0 and Day 6. CSF2RA expression was normalized to
Day 0 values. Error bars represent SD of 1 experiment.
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Figure 4.6. The coding sequence of CSF2RA is required for 3’ UTR-mediated
downregulation of CSF2RA in Kasumi-1 cells.
Kasumi-1 and K562 cells were transduced with MSCV-EGFP and MSCV-EGFP+3’ and
GFP expression was measured by flow cytometry over time. Error bars represent SD of
2 independent experiments.
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cells over time.
Altogether, these data suggest that CSF2RA is maximally downregulated in the
t(8;21) Kasumi-1 cell line when the 3’ UTR is present; however, the 3’ UTR is not
sufficient to promote downregulation and the coding sequence of CSF2RA is required.
Additionally, we discovered that the coding sequence itself can also be targeted for slight
downregulation in t(8;21) cell lines.
4.2.4. The strongest AU-rich element in the 3’ UTR of CSF2RA does not entirely
mediate the downregulation of CSF2RA
Due to the discovery that multiple regions of the transcript are required for
maximal post-transcriptional downregulation of CSF2RA in the Kasumi-1 cell line, we
hypothesized that the transcript is unlikely to be targeted by miRNAs, which generally
bind to short RNA sequences complementary to its seed sequence, and instead recruits
RNA-binding proteins that regulate its stability. One class of RNA-binding proteins that
are known to bind to regulatory sequences in the 3’ UTRs are AU-rich elements binding
proteins (ARE-BPs). ARE-BPs bind to AU-rich elements that are commonly found in 3’
UTRs. The core of an AU-rich element consist of a conserved AUUUA motif176. This core
AUUUA motif is often flanked by several repeated A’s and U’s to generate a more
optimal UUAUUUA(U/A)(U/A) motif177, 178.
Examination of the CSF2RA 3’ UTR sequence for AU-rich elements revealed that
it contains two core AUUUA motifs, one that lies within a more optimal
UUAUUUA(U/A)(U/A) motif. Therefore, to test whether this optimal AU-rich element is
recruiting ARE-BPs that are responsible for the downregulation of CSF2RA, we mutated
the AUUUA motif in the MSCV-CSF2RA+3’ construct to AGGGA to generate the MSCVCSF2RA+3’ Mut (x1). Mutation of the AUUUA motif in the AU-rich element did not
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abolish the downregulation of CSF2RA in Kasumi-1 cells, suggesting that this AU-rich
element is not responsible for its downregulation (Figure 4.7.).

4.3. Discussion
Gene expression profiling of AML patients has revealed that t(8;21) AML patients
exhibit significantly lower levels of CSF2RA expression compared to non-t(8;21) AML
patients108, 109. The hyporesponsiveness to GM that is observed in leukemic blasts from
t(8;21) AML patients also functionally reflects the generally reduced GM receptor
expression in t(8;21) patients114,

115

. Although LOS, and subsequent CSF2RA

haploinsufficiency, may explain the reduced expression levels in t(8;21) patients, the
t(8;21) Kasumi-1 cell line expresses the lowest levels of CSF2RA compared to other
myeloid leukemia cell lines, many of which also exhibit LOS. These findings collectively
suggest that CSF2RA expression in t(8;21) Kasumi-1 cells is lower than expected with
CSF2RA haploinsufficiency, and there may exist alternative mechanisms responsible for
repressing CSF2RA expression. Our discovery that CSF2RA transcript is downregulated
in the t(8;21) Kasumi-1 and SKNO-1 cell lines provides an explanation for the lower level
of CSF2RA expression in these cells. Importantly, our discovery also uncovers an
additional mechanism employed by t(8;21) cells to downregulate CSF2RA expression
and further escape the inhibitory effects of GM signaling to promote leukemogenesis.
Unexpectedly, we found that although the 3’ UTR promotes downregulation of
the CSF2RA transcript, it is not sufficient for downregulation and the gene’s coding
region is also necessary. Truncations of the coding sequence would aid in the
identification of the region required for the downregulation in the presence of the 3’ UTR.
Additionally, although we found that the strongest AU-rich element is not responsible for
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Figure 4.7. Mutation of the strongest AU-rich element does not fully rescue the
downregulation of CSF2RA.
(A) The DNA sequence of the CSF2RA 3’ UTR with the canonical AU-rich element
AUUUA core sequences (red) and the optimal UUAUUUA(U/A)(U/A) motif (pink)
highlighted. (B) The core sequence (red) located within the larger optimal AU-rich
element motif (pink) was mutated from AUUUA to AGGGA in the MSCV-CSF2RA+3’
construct. Kasumi-1 cells were transduced with the indicated constructs and CSF2RA
(CD116) expression was measure by flow cytometry.
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promoting downregulation of CSF2RA, there remains another AUUUA motif that could
also be mutated to fully eliminate AU-rich elements from the 3’ UTR. Due to the wellestablished role of 3’ UTRs in post-transcriptionally regulating translation and the
stability of mRNA transcripts, we have presumed that the downregulation of CSF2RA is
occurring post-transcipritonally through the 3’ UTR. However, all of our studies involved
the expression of CSF2RA from a retroviral long terminal repeat (LTR), which are known
to contain regulatory elements, including promoters, enhancers, and polyadenylation
signals, that could potentially be influencing our results179. Therefore, the effects of the
CSF2RA coding sequence and 3’ UTR should also be confirmed in an LTR-free
expression system, as is the case with many luciferase reporter constructs.
Due to the fact that the coding sequence and 3’ UTR are required for maximal
downregulation of CSF2RA, we hypothesize that an RNA-binding protein may be
responsible to promoting degradation of the transcript. A screen could be conducted to
identify direct and indirect factors that are necessary for downregulation of the CSF2RA
transcript. The genome-wide CRISPR-Cas9 knock-out (GeCKO) library, which targets
19,050 genes and 1,864 miRNAs, has become a preferred tool for genome-wide
screens180. To pinpoint direct and indirect factors required to dowregulate CSF2RA, the
t(8;21) Kasumi-1 cell line could be co-transduced with the GeCKo library and with a
vector containing the CSF2RA coding sequence and its 3’ UTR. Kasumi-1 cells with
CRISPR-Cas9 mediated knockout of a gene essential to the process of posttranscriptionally downregulating CSF2RA should consequently express high levels of
CSF2RA. Therefore, sorting Kasumi-1 cells with high levels of CSF2RA expression after
a set period of culture would isolate Kasumi-1 cell clones with knockout of a critical
factor for the post-transcriptional downregulation of CSF2RA. Due to genomic integration
of the CRISPR-Cas9 GeCko provirus upon transduction, these factors can be identified
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via amplification and sequencing of the sgRNA sequence from genomic DNA of sorted
cells.
To directly identify proteins binding to and regulating the CSF2RA transcript, the
portion of the coding sequence and the 3’ UTR that is required for the downregulation
can be screened for factors that target it. One method to identify binding proteins to the
region would be to in vitro transcribe and biotinylate the transcript. The biotinylated
transcript can then be incubated with Kasumi-1 cell lysate and immunoprecipitated to
isolate and identify binding proteins via western blotting or mass spectrometry.
More recently, it has been reported that epigenetic marks on mRNA can regulate
mRNA stability and translation, thus providing an additional layer of gene regulation181.
N6-methyladenosine (m6A), a dynamic epigenetic mark that is written by METTL3 and
METTL14 and erased by FTO and ALKBH5, has been found on nearly half of human
gene transcripts and is enriched near stop codons and in 3’ UTRs182, 183. Genome-wide
analysis of sequences surrounding m6A marks have revealed an enriched RRACU core
motif182, which the CSF2RA coding sequence and 3’ UTR has 19 of. Therefore,
assessing the ability for CSF2RA to be downregulated after mutating these motifs or
knocking down the METTL3 and METTL14 m6A writers would elucidate whether this
epigenetic mark is involved.
Together, these experiments would reveal critical proteins, miRNAs, epigenetic
marks involved in the post-transcriptional downregulation of CSF2RA and have the
potential to expose a cohort of novel targets that could be inhibited to restore CSF2RA
expression and re-sensitize t(8;21) AML cells to GM signaling.
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4.4. Materials and Methods
4.4.1. Plasmids
The CSF2RA protein coding sequence was cloned into the MIP vector to
generate MIP-CSF2RA. The 5’ UTR and 3’ UTR of CSF2RA were included to generate
the MIP-5’+CSF2RA+3’ vector. The MIP-5’+CSF2RA vector includes the CSF2RA 5’
UTR and protein coding sequence, and the MIP-CSF2RA+3’ vector contains the
CSF2RA protein coding sequence and 3’ UTR sequence. To generate MSCV vectors,
the IRES and puromycin resistance gene were removed from the MIP vector.
Additionally, the CSF2RA coding sequence was replaced with EGFP to generate the
MSCV-EGFP and MSCV-EGFP+3’ vectors. MicroRNA sequences, in addition to 300
nucleotides upstream and downstream of the microRNA sequence, were PCR amplified
from genomic DNA isolated from Kasumi-1 cells and cloned into the MIP vector. Site
directed mutagenesis of the MSCV-CSF2RA+3’ vector was performed with forward
primer: 5’-GAACCTTTATATCATTTTCTATGTTTTTAGGGAAAAACATGACATTTG and
reverse primer: 5’-ACAGCATCATCAAGAAAACAGTTC to generate the MSCVCSF2RA+3’ Mut (1x) vector.
4.4.2. Flow cytometry
For CSF2RA expression analysis, cells were stained with PE-conjugated antihuman CD116 antibody (eBioscience, 12-1169) and analyzed with a BD FACS Canto
cytometer (BD Biosciences).
4.4.3. Quantitative reverse-transcription PCR (qRT-PCR)
RNA was isolated using the TRIzol method (Life Technologies), treated with RQ1
RNase-Free DNase (Promega), and re-purified using the TRIzol method. cDNA was
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generated using MCLAB First Strand cDNA synthesis kit (MCLAB, San Francisco, CA).
Primers to determine CSF2RA expression included CSF2RA forward primer: 5’GCTCCTGGAGTGAAGCCATT

and

reverse

primer:

5’-

CCCAGATGATCTCGTCTTCCA. Quantitative PCR was done and analyzed with the
CFX Connect Real-Time PCR Detection System (Bio-Rad) using the KAPA SYBR FAST
qPCR Kit (Kapa Biosystems, Wilmington, MA) with 1 μM of each primer performing 50
cycles of 95°C for 5 seconds and 60°C for 30 seconds. The cycle threshold (Ct) values
for the no reverse transcriptase control samples were more than 10 Ct values greater
than the samples with reverse transcriptase. PCR products were run out on a 1.8%
agarose gel (data not shown).
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CHAPTER 5:
Conclusion and Future Directions
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5.1. Conventional t(8;21) AML treatment and alternative approaches
The t(8;21)(q22;q22), which was discovered by Janet Rowley in 1982, is one of
the most commonly observed cytogenetic aberrations in adult AML patients96,

97, 184

.

Studies have found that t(8;21) is insufficient and additional mutations are required to
drive leukemia development22. LOS is observed in 35-59% of t(8;21) patients, which
suggests this event is favored during and may provide sufficiency for disease
development. The conventional treatment for t(8;21) patients has relied on induction and
consolidation chemotherapy for over 30 years99,

185-187

. Although prognoses for t(8;21)

AML patients are generally favorable, roughly 50% of patients relapse98-100. This signifies
that conventional therapy fails to fully eradicate the disease and completely eliminate
leukemia stem cell populations, which are responsible for initiating relapse. By studying
the mechanisms of disease development and identifying essential pathways for the
survival of leukemia stem cells, there is potential to uncover novel strategies to more
effectively eliminate leukemia stem cell populations.
The focus of this dissertation was to examine how LOS contributes to t(8;21)
leukemia development. Although there are numerous potential mechanisms by which
LOS may cooperate in t(8;21) AML development, I concentrated on the role of
haploinsufficiency of the PAR gene CSF2RA, and therefore reduced GM signaling, in the
pathogenesis of t(8;21) AML. By clarifying the mechanisms by which GM signaling
prevents t(8;21) leukemogenesis, there lies hope in restoring or activating these
mechanisms, which would provide novel targeted approaches to treating t(8;21) patients.
Therefore, the objective of this dissertation was to identify novel therapeutically
targetable mechanisms mediating the inhibitory effects of GM signaling on t(8;21)
leukemogenesis. To this end, I (1) analyzed the gene expression profile of GM-treated
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RE HSPCs to broadly assess the effects of GM on these cells, (2) performed a screen to
identify GM-induced genes that effectively reduce the self-renewal potential of RE
HSPCs, (3) identified that the MYC pathway is critical for maintaining the self-renewal
potential of RE HSPCs, which may provide an attractive target in t(8;21) treatment, and
(4) discovered that CSF2RA, in addition to being downregulated by LOS-induced
haploinsufficiency, is also downregulated through its 3’ UTR in t(8;21) cell lines.

5.2. Caveats to the use of GM-CSF in the treatment of AML
GM signaling regulates numerous cellular processes including differentiation,
proliferation, and survival of hematopoietic cells110. GM is used clinically to enhance
white blood cell production and facilitate recovery from chemotherapy-induced
myelosuppression188,

189

. Additionally, it has been investigated for efficacy in inducing

proliferation and sensitizing leukemia blasts to chemotherapy, although these studies
yielded inconclusive results190,

191

. Notably, GM has also been implicated in

leukemogenesis, and has been found to be involved in CMML and JMML59,

192-194

.

Altogether, these findings suggest that the effects of GM are diverse and highly
dependent on cellular context and that administration of GM to t(8;21) patients could
result in the undesired cellular consequence of increased leukemia cell proliferation,
which was observed when primary human RE HSPCs were culture with GM.

5.3. Therapeutic implications of studying GM-CSF signaling in t(8;21) cells
Although GM signaling was also found to enhance proliferation of RE HSPCs,
GM reduced their self-renewal potential and promoted their differentiation, which further
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emphasizes the complexity of GM signaling in differing cellular contexts. Regardless, the
increased proliferation stimulated by GM would be unfavorable in the context of
leukemia treatment. Therefore, the principal goal of my dissertation was to identify GMinduced mechanisms that reduce self-renewal potential of RE HSPCs without the
induction of its mitogenic effects. I discovered that GM treatment of RE HSPCs results in
the attenuation of MYC-associated gene signatures and the reactivation of MYCrepressed targets aid in promoting RE HSPC differentiation and apoptosis. Additionally, I
found that t(8;21) cells are highly sensitive to MYC inhibition. These discoveries were
especially timely with the identification of a small molecule BET inhibitor, JQ1, which has
been demonstrated to effectively inhibit MYC in various cancer cell types160. Although
JQ1 treatment effectively inhibited MYC, reduced proliferation, and induced apoptosis in
the t(8;21) cell lines tested, this molecule is relatively insoluble and suffers a short half
life. However, newer generations of BET inhibitors have been developed and are
currently being tested clinically. The findings in this dissertation suggest that these new
generation BET inhibitors may hold great promise in effectively eradicating t(8;21)
HSPCs.
As is observed with most therapeutic agents, the initial response is typically
robust and patients enter remission. However, resistant leukemia stem cell clones will
often persist through treatment, generally due to the acquisition of additional mutations
to escape drug toxicity, and eventually initiate relapse. Therefore, the greatest challenge
in cancer treatment is the comprehensive eradication of leukemia stem cells within the
patient. Combination therapies, which target multiple pathways simultaneously, are
proving to be significantly more effective than single therapies. Thus, it becomes
increasingly imperative to identify additional essential pathways that could be targeted
concurrently to ensure complete elimination of leukemic stem cell populations. Gene
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expression profiling revealed that GM induced slight but concerted upregulation of 85
genes in RE HSPCs. Of the 10 genes screened, 6 successfully inhibited the self-renewal
potential of RE HSPCs. This leaves an open door for exploration of 75 additional genes,
which may elucidate additional pathways that hold therapeutic promise and warrants
further investigation.

5.4. Additional implications for GM-CSF signaling in the pathogenesis of t(8;21)
AML
GM has recently risen to the forefront in immunotherapy due to its effectiveness
in promoting dendritic cell (DC) differentiation and activating immune cells195, 196. It is also
being investigated clinically as an adjuvant in numerous cancer vaccines197. These
current applications of GM are of relevance to t(8;21) AML patients because their
leukemic blasts are generally hyporesponsive to GM due to reduced CSF2RA
expression from LOS114, 198. Although LOS and t(8;21) are frequently observed together,
it is unclear whether they are sufficient for leukemogenesis. Therefore, cells harboring
both t(8;21) and LOS may remain dormant in these patients for extended periods of
time. It has been reported that peripheral blood AML cells differentiate into DCs in the
presence of cytokine cocktails, which include GM, and activate T cells to have cytotoxic
activity against AML blasts199. Thus, t(8;21) cells with LOS, which secrete less GM due
to the RE-induced repression of GM and are hyporesponsive to GM due to LOS, would
have impaired differentiation into myeloid DCs. Consequently, their ability to activate T
cells and participate in cancer immunosurveillance would also be compromised199,

200

.

This may further contribute to leukemia development if these t(8;21) cells evade
immunosurveillance and remain in the bone marrow until additional mutations
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accumulate for disease initiation. Altogether, this implies a greater immunological role for
GM signaling in preventing RE leukemia development that should be explored.

5.5. Impact of the dissertation
The high incidence of LOS in cancers, together with the observation that
pseudoautosomal regions are frequent targets for LOH in cancers, has led to the
postulation that tumor suppressor genes reside in the PARs. Although LOS and LOH of
sex chromosome PARs are frequently observed in cancers6,

201

, there are few studies

examining the function of PAR genes in cancer development, progression, and
maintenance. This dissertation aimed to provide an in-depth characterization of the
function of the PAR gene CSF2RA and consequences of reduced GM signaling in
t(8;21) leukemia. Though GM, its receptor, and GM signaling have been heavily studied
since the discovery of GM in 1984202,

203

, we have been the first to suggest that GM

signaling can prevent leukemogenesis. Importantly, the studies in this dissertation are
the first to clarify the mechanisms mediating the inhibitory role of GM on t(8;21) AML
pathogenesis and support targeting of the MYC pathway in the treatment of t(8;21) AML.
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