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Characteristics of Haemopoietic and Leukaemic stem cells and
their regulatory pathways

This review aims to focus on the phenotypic markers of both haemopoietic stem cells
(HSC) and leukaemic stem cells (LSC) in acute myeloid leukaemia (AML), chronic myeloid
leukaemia (CML), and acute lymphoblastic leukaemia (ALL). The review also focuses on
important pathways that regulate the proliferation of these stem cells, such as wingless
type (Wnt), Notch, Hedgehog, janus kinase-signal transducer and activator of transcription
(JAK-STAT), nuclear factor of kappa light polypeptide gene enhancer in B cells (NF-kB),
transforming growth factor beta (TGFB), phosphatase and tensin homolog (PTEN),
homeobox (HOX), polycomb ring finger oncogene (Bmi-1). While, the deregulated signals
have been demonstrated in many types of leukaemias and cancers, however, these
discoveries allow developing novel therapeutics targets, which can be targeted in

combination with standard chemotherapy drugs to eradicate malignant cells.
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INTRODUCTION

The haematopoietic system comprises of numerically
expanding hierarchy of cells that are restricted in their
proliferation and differentiation abilities. The mature
functional cells of the haematopoietic and immune systems
originate from a very small number of undifferentiated cells
called haematopoietic stem cells (HSCs). HSCs are defined
on the basis of three basic characteristics: their ability to
undergo self-renewal, the ability of extensive proliferation,
and the ability to differentiate into multiple distinct cell
types. These dynamic features provide sufficient number of
primitive cells to maintain a state of equilibrium and
sustainability in haematopoiesis {1}. Till and McCulloch {2}
were the first to identify the HSCs self-renewal in murine
bone marrow cells. The asymmetric versus symmetric
division of HSCs can be determined randomly through
external signals such as cytokines. The asymmetric cell
division is unpredictable; sometimes it results in the
formation of both an identical stem cell and a more mature
cell {3}. Bonnet at el., {4} and Hope et al., {5} reported the
same hierarchical organization for the leukaemia stem cells
(LSC). In other words, one can assume that LSCs exhibit
similar characteristics to those of normal HSCs. However,
the origin of LSCs is from normal stem cells through the
accumulation of oncogenic insults, and differentiated
progenitor cells that have reacquired the capacity for self-
renewal {6, 7, 8}.

A. Hematopoietic stem cells

Stem cells differentiate into different multiple cell types {9}.
They are capable to renew themselves through mitotic cell
division and can be differentiated into a diverse range of
specialized cell types (e.g. myeloid, erythroid, and lymphoid)
through a range of lineage-committed progenitor cells.
Generally, in mammals there are two types of stem cells;

pluripotent stem cells and multipotent stem cells {10}.
Pluripotent stem cells can be differentiated into endoderm,
mesoderm, and ectoderm, e.g., embryonic stem cells.
Whereas multipotent stem cells are lineage specific and
include HSCs. HSCs are relatively rare cells in the bone
marrow, and they are estimated to be between 3 x 10° and
4 x 10° in the humans {11}. It is documented that each HSC
divides approximately 70 times during its lifetime {12}.
Osawa et al., {13} and Kent et al.,{14} stated that a single
HSC could generate the entire blood system for a lifetime.
This is possible only if HSC at the time of cell division renews
itself to produce at least one daughter cell with the
undifferentiated characteristics of the parental stem cells
{15}. Only a minority of the HSCs reconstitute the
haematopoietic system and majority exist in an inactive
state, which allows the resting HSCs to repair any DNA
damage and maintain their integrity {16}. Mice models with
immune deficiencies e.g., having severe combined
immunodeficiency (SCID) (Lack B and T cells) and non-obese
diabetic severe combined immunodeficient (NOD-SCID)
(Lack B, T, and NK cells and have other immune deficiencies)
were used to study normal HSC and LSC, which have long
term repopulating potential and the ability to propagate and
maintain the AML phenotype {17}. Leukaemia stem cells
have different types and failure to eradicate these primitive
cancer cells is a major reason of relapse of leukaemia {18}.
The transplantation of HSC into SCID or NOD-SCID murine
models and reconstitution of haematopoiesis are used to
define HSCs as SCID-repopulating cells (SRC), and SCID
leukaemia-initiating cells (SL-IC), which are human
leukaemia progenitor cells with the ability to reconstitute
leukaemia in these murine xenotransplantation assays.
Lentivector mediated clonal tracking displayed the existence
of short and long term repopulating capacity (ST-SRCs and
LT-SRCs) {19}. The SRC xenotransplantation assay helped
researchers to identify many cell surface markers that
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define the developmental hierarchy of human
haematopoiesis. Passegue et al., {20} have used different
surface markers to identify human HSC. Human HSCs that
have been identified are Lin", Thy1, CD34", and CD38""*",
Mazurier et al., {21} have also demonstrated heterogeneous
repopulation potential of different HSC subsets by
Lin"CD34'CD38™ (SRC), Lin"CD34'CD38"“ (ST-SRC), and
Lin"cD34"cD38" (Progenitors).

B. The cell of origin in AML

AML is a heterogeneous disease and it is important to
explain from which leukaemia cells are originated {22}. AML
blasts are heterogeneous in their differentiation stage and
vary in characteristics from patient to patient, whilst the
mechanism is not fully understood. There are two
hypotheses that may explain this mechanism. The first
hypothesis emphasizes on the difference in cell types within
the stem/progenitor system that are more prone to
transformation {23}. The leukemogenic events alter the
normal differentiation process to promote the production of
abnormal cells by blocking a particular stage of
differentiation {24}. The second hypothesis focuses on
mutations responsible for transformation and progression
occurring in primitive cells only {25}. The difference in
characteristics results from the ability of these primitive
LSCs to differentiate or acquire lineage markers depending
on the influence of progression related genes {23}.
Transplantation experiments in SCID and NOD-SCID have
given the idea to develop methods of choice for assessing
the engraftment potential and self-renewal capacity of HSC
and LSC {17, 18}. Leukaemic cells from patients with
different FAB subtypes transfected into SCID and NOD-SCID
resulting in successful engraftments representing the
original patient’s disease having identical morphology with
the exception of M3 type {4, 26}. Turhan et al., {27} have
explained the failure to engraftment M3 cell using FISH
method, and shown that the characteristic PML-RARa
translocation in M3 subtype were present only at
CD34°CD38" fraction and were undetectable in the more
primitive CD34°CD38” population. Although CD34CD38"
cells represent a small proportion of the AML cells (0.2-1%),
they are the only cells capable of transferring human AML to
NOD/SCID mice. Bonnet and Dick {4} demonstrated that the
cells capable of initiating human AML into NOD/SCID mice
are known as SL-IC. Regardless of the heterogeneous
characteristics of the leukaemic blasts, SL-ICs (CD34°CD38")
were exclusively similar to the normal SRC phenotype.
However, it was surprising to see that SL-ICs were able to
differentiate in vivo into leukaemic blasts, indicating that the
leukaemic clone has organized hierarchy. Bonnet and Dick
{4} also showed that LSC expands at a greater extent than
normal HSCs, probably because of increased symmetric self-
renewal cell divisions.

C. The cell of origin in CML

CML is a clonal myeloproliferative disorder; CML stem cells
are present in CD34" CD38 cells and contain the
Philadelphia  chromosome {28}. The Philadelphia

chromosome is the result of reciprocal translocation
between BCR gene on chromosome 22 and ABL gene on
chromosome 9, and is specifically designated as
1(9;22)(g34;q11) {29}. The protein products of the BCR-ABL
chromosomal translocation are pZIOBCR'ABL and p19OBCR'ABL.
LSCs in CML appear to be very similar in characteristics to
the normal HSCs. BCR-ABL transcripts in CML bone marrow
and HSC in normal marrow both are detected in
CD34°CD38°CD90" cells {6, 30}. Studies using SCID and
NOD/SCID mouse transplant models have been used to
determine the engraftment potential of CML stem cells,
which share phenotypic markers with their normal
counterparts {31}. A series of studies have defined the CML
stem cell immunophenotype as CD34" and CD38  {28}.
However, higher levels of CD34"Lin" cells were found in bone
marrow from patients with CML in the accelerated or blast
phase than in normal bone marrow {6}. Moreover, some of
CML LSCs culture with reduced levels of growth factors
display elevated BCR-ABL expression and changes in the
expressions of the cytokines interleukin-3 (IL-3), granulocyte
colony-stimulating factor (G-CSF), drug transporters ATP-
binding cassette-1 (ABC1)/multi-drug resistance-1 (MDR1),
ABCG2 and the transcription factor Oct-1 {32}.

D. The cell of origin in ALL

ALL is characterized by the malignant expansion of
immature cells from lymphoid lineages. Approximately 85%
of diagnosed ALL cases result in response to the expansion
of B-cell precursors, and 15% of them correspond to T-cell
precursor aberrancies {33}. Just like CML, ALL can also result
from the rearrangement of BCR and ABL genes in Ph” cells.
NOD/SCID xenotransplantation studies were used to assess
the functional characteristics of CD34°CD38 cells in ALL
patients carrying the BCR/ABL translocation. Cobaleda et al.,
{34} showed that only CD34°CD38 subfraction from Ph* ALL
cases could engraft NOD/SCID mice. While another study on
leukaemia initiating cells proposed a cp19Me phenotype in
ALL (CD34°CD19™ and CD34°CD10) {35}, Hong et al., {36}
demonstrated that leukaemia cells with a committed
progenitor phenotype CD34'CD38"CD19" have SL-IC
potential. Later on, Kong et al.,, {37} reported serial
transplants of three different primary ALL patient samples
CD34°CD38°CD19°, CD34'CD38°CD19", and CD34°CD38"
CD19 into NOD/SCID IL2rynull mice. Kong et al., {37} found
that CD34°CD38°CD19" and CD34°CD38CD19" initiate B-ALL
in primary recipients.

E. Leukaemia Stem Cell Properties

1- Phenotype.

It is important to differentiate between HSC and LSC
phenotype markers to guarantee therapeutics strategies
targeted against the LSC. LSC and HSC share many of the
cell surface markers such as CD34, CD38, HLA-DR, and CD71.
Blair et al., {38} demonstrated that the majority of AML
blasts lack the expression of Thyl (CD90), which
differentiate primitive AML progenitor cells from normal
haematopoietic progenitor cells. Similarly, LSC lacks the c-kit
(CD117) expression that is not shared by normal HSC.
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Jordan et al., {39} showed that the interleukin-3 receptor a
chain (IL-3a) (CD123) acts as a unique marker for human
AML stem cells. Majority (98%) of the CD34°CD38” AML cells
express this marker. Hosen et al., {40} identified CD96 as a
surface marker on the majority of CD34°CD38” AML cells
with minimal expression on normal CD34'CD38cells.
Previous studies suggested that LSCs from most AMLs
express early myeloid antigen CD33 {41} and the novel
antigen C-type lectin- like molecule- 1 (CLL-1) {42, 43}.
However, CD33 might also be expressed by normal HSCs
{41}.

2- Cell cycle

Cell cycle status is one of the essential parameters that can
be used as a marker to differentiate among LSC and other
AML blast, as most of the AML-colony forming units (AML-
CFU) are active cells and LSCs are quiescent cells. Guan et
al., {44} showed that AML stem cells reside mostly in a
quiescent cell cycle state, which are analogous to the
normal haematopoietic stem cells. This is one of the most
important observations to the therapeutic approaches to
leukaemia and is directed towards actively cycling
populations. The quiescent nature of LSC indicates that
standard chemotherapy drugs will not generally be effective
against AML stem cells. Furthermore, the relative
quiescence of LSCs may be a major factor contributing to
relapse  {45}. Guzman et al., {46} isolated
CD34°CD38  €D123" cells to analyze nuclear factor-B (NF-
KB) in primitive AML cells; these cells were not stimulated to
reflect the status of primitive AML cells. Analysis with flow
cytometry revealed that the average proportion of cells in Gg
correspond to 96% + 2.3%. Terpstra et al., {47} reported
evidence for quiescent LSCs, and found that the treatment
with the cycle active drug 5-fluorouracil was not effective in
ablating AML cells in SCID mice transplanted with primary
leukaemic specimens. Moreover, the treatment of CML
patients with imatinib mesylate leave behind only the non
proliferating quiescent fractions, which are the main cause
of the CML {48, 49}.

F. Mechanism of self-renewal in LSC: Therapeutics
targets

1- Wnt pathway

Whnt ligands are glycoproteins that are critical for normal
development {50}. B-catenin is a key downstream mediator
of the canonical Wnt signaling pathway. Retention of -
catenin at the stem cell membrane may prevent precocious
activation of the Wnt signaling pathway which further
hinder the ability of the cells to self renew{51}. Wnt
stimulation results in accumulation of B-catenin and of
which translocation to the nucleus of cell interacts with T-
cell factor/lymphoid enhancer factor (TCF/LEF1) to regulate
genes that are important in embryonic development and
cell proliferation. Initial experiments that studied the role of
Whnt signaling in haematopoiesis showed haematopoietic
progenitors from mouse fetal liver. It has been noticed that
in vitro Wnt signaling results in an increase of
haematopoiesis by three to four folds when cultured with

conditioned media containing Wnt5a {52}. Reya et al., {51}
isolated Lin, c-kit™, Sca-1" and Thy1.1°" (KTSL) cells from
mice over-expressing the anti-apoptotic BCL-2 gene and
transducing them with a constitutively active form of B-
catenin. This resulted in 20 to 48 folds in vitro expansion of
KTSL cells for up to 2 months compared to control KTSL cells
that did not survive past 48 hours. Reya et al., {51} also
showed that over-expression of activated B -catenin
expanded the pool of HSC in long-term culture. Activation of
Wnt signaling increases the expression of other
transcription factors like HOXB4 and Notchl. These two
factors are important for cell cycle regulators in HSC
renewal. Moreover, Wnt pathway not only promotes the
normal stem cell renewal but also results in the
enhancement of LSC proliferation {53}. Many researchers
have proved the important role of Wnt pathway signaling in
leukaemia and LSC biology {6, 51, 54}. In AML, studies have
shown that there is constitutive activation of the Wnt
pathway and translocation products, e.g., AML1-ETO, PML-
RARa, and PLZF- RARa activate the Wnt signaling pathway in
haematopoietic cells {55, 56}. Abrahamsson et al., {57} have
shown that progression of blast crisis CML is associated with
missplicing of GSK-3B in  granulocyte-macrophage
progenitors that allows unphosphorylated B-catenin to
contribute to self-renewal. In another study, Majeti et al.,
{58} compared the expression profile of HSC and LSC from
patients with AML and identified 3,005 differentially
expressed genes. Several pathways were aberrantly
regulated in LSCs including Wnt pathway, suggesting
possible contribution to pathogenesis. Hu et al., {59}
showed, suggesting the role of B -catenin in regulating
survival of LSCs, that expression of the B-catenin gene was
2.5 fold up-regulated in LSCs in CML mice. The Wnt pathway
can be regulated by different inhibitory factors that play
important roles in oncogenesis. The Wnt inhibitory factors-
1 (Wif-1) and Cerberus both bind to Wnts and change their
ability to bind to the Wnt receptor complex, resulting in
inhibition of the Wnt pathway {60}. Aberrant methylation of
Whnt antagonists was detected in four AML cell lines and
AML marrow samples. Treatment of the cell lines with 5-
aza-2'-deoxycytidine induced re-expression of methylated
Whnt antagonists by down-regulation of Wnt pathway genes
cyclin D1, TCF1 and LEF1 and reducing nuclear localization of
B-catenin {61}.

2- Notch

Notch signaling pathway has been demonstrated to play
crucial regulatory role for self-renewal of HSCs {62}. Studies
in vitro and in vivo have shown that activation of Notch
signaling results in increased numbers of HSCs and
haematopoietic progenitors. Activation of Notch through
ligand binding results in proteolytic cleavage of the
intracellular domain of Notch, which subsequently transfers
to the nucleus where it acts as a transcriptional regulator. It
has been shown that Notch signaling is mediated by both
Delta and Jagged ligands through proteolytic cleavage
involving a-secretase and y-secretase. This mediation in
Notch signaling expands the HSC compartment by blocking
or delaying terminal myeloid differentiation with a
decreased interval in the G1 phase of the cell cycle {63}.
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Retrovirus mediated expression of activated Notchl
enhances HSC self-renewal and a similar effect of
differentiation inhibition and progenitor HSC expansion was
reported with activated Notch4 {64}. Varnum et al., {65} and
Delaney et al., {66} demonstrated that the incubation of
murine BM precursors with the Notch ligand Deltal
extracellular domain fuse to the Fc portion of human IgG1
and promote an increase in precursors capable of short
term lymphoid and myeloid repopulation. Duncan et al.,
{67} showed that the inhibition of Notch signaling leads to
accelerated differentiation of HSC in vitro and depletion of
HSC in vivo. Whilst Notch signaling is active in HSCs in vivo
and down-regulates as HSCs differentiate. It is found that
Notch pathway promotes normal stem cell self-renewal and
LSC proliferation {53}. Notch1 is found to be constitutively
activated in patients with the t (7:9) chromosomal
translocation. This involves high expression of a
constitutively activated form of Notch1 by the promoter and
enhancer elements regulating the B-chain of the T-cell
receptor. This distinctive chromosomal translocation is
found in <1% of T-cell acute lymphoblastic leukaemia cases
and >50% of T-cell acute lymphoblastic leukaemia patients
carry somatic activating point mutations of Notch1 {68, 69}.
Although Notch has been implicated in many lymphoid
leukaemias, no evidence explains the Notch mutations in
myelogenous leukaemias {70}. It has been proved
previously that y-secretase is necessary for Jagged and
Notch signaling {71}. Inhibition of y-secretase induced
growth arrest and apoptosis of T-ALL cells by two inhibitors:
presenilin and mastermind-like-1 (MAML1) through blocking
ligand induced Notch proteolysis and signaling {72}. It is
proved y-secretase inhibitor (GSI) MK-0752 inhibits Notchl
pathway, however patients have shown significant
gastrointestinal toxicity {73}.

3. Hedgehog

Hedgehog (Hh) family of proteins comprises three proteins:
Sonic Hedgehog (SHH), Indian Hedgehog (IHH) and Desert
Hedgehog (DHH) and two primary receptors Smoothened
(Smo) and Patched (Ptc). Hedgehog signaling plays essential
role in HSC regulation, while previous studies reveal that
Hedgehog is a cell cycle regulator in HSCs that control
haematopoietic regeneration {74}. SHH treatment in CD34
cultures induced expansion of human HSC. Noggin, a specific
inhibitor of bone morphogenic protein-4 (BMP-4) inhibits
SHH induced proliferation via HSC regulation mechanisms
that are dependent on downstream BMP signals {75}.
Microarray studies by Graham et al., {76} demonstrated that
SHH pathway is active in CML stem cells and becomes more
active in progressive phases. Similarly Radich et al., {77} also
showed that the activation of SHH pathway correlated with
CD34 expression, and suggested up-regulation within CML
stem and primitive progenitor cells. Abnormal Hedgehog
signaling may also be a feature of AML and MDS. Dierks et
al., {78} showed that Hedgehog signaling is activated in Bcr-
Abl positive leukaemic stem cells and differentiated
haematopoietic cells via up-regulation of Smo. Many natural
and synthetic inhibitors have been used to target the
Hedgehog pathway such as Cyclopamine, CUR61414, and
GDC-0449. Cyclopamine is a plant-derived steroidal alkaloid

that binds directly to the trans-membrane helices of Smo
and inhibits Hedgehog signaling {79}. Kobune et al., {80}
tested Cyclopamine against various leukaemic cell lines
including Kasumi-1, Kasumi-3, U937 and HL-60, and found
that Cyclopamine caused apoptosis after 48 hrs in Kasumi-1,
Kasumi-3 where Hedgehog signaling were active and the
downstream effectors glioma associated oncogene homolog
GLI1 or GLI2 were expressed. However, cyclopamine failed
to affect growth or survival in U937 and HL-60 cell lines that
lack expression of Hedgehog receptor components. These
findings confirm that the effect of Hedgehog inhibition is
specific. Other inhibitors like CUR61414 and GDC-0449 are
still in clinical trials.

4. JAK-STAT

The JAK-STAT pathway is a common downstream pathway
from cytokine receptors and plays important roles in
transmitting a variety of biological functions by activating
transcription of various target genes. STAT proteins form
homodimers or heterodimers upon tyrosine
phosphorylation, which are usually mediated by JAKs.
Dimerized STAT proteins immediately enter the nucleus and
bind to specific DNA sequences in promoter regions of
various genes, resulting in gene activation or repression
{81}. The STATS pathway is activated strongly following
ligand binding to the erythropoietin and IL-3 receptors.
However, constitutively activating mutants of FIt3 in human
AML are associated with activation of approximately 30% of
STAT5 {82}. Constitutively activated double mutants of
STAT5a transduced into CD34 cells result in enhanced HSC
self-renewal and increase erythroid differentiation relative
to myeloid {83}. To activate STAT signaling selectively in
HSCs and to evaluate the role in normal and leukaemic stem
cells, Kato et al., {84} transfected constitutively active STAT5
mutants. They also found that activation of STATS in HSCs
led to a dramatic expansion of multipotential progenitors
and promoted HSC self-renewal ex-vivo. In an animal model
of myeloproliferative disease (MPD) in mouse revealed that
sustained STATS activation in HSCs induces fatal MPD,
indicating that the capacity of STAT5 to promote self-
renewal of HSCs is crucial to MPD development. These
findings indicate a specific role of STATS in self-renewal of
normal as well as LSC. More tractable stem cell systems such
as mouse (ES) cells and Drosophila germ line stem cells
identified a role for STAT transcription factors in promoting
self-renewal {85, 86}. STAT transcription factors are the
effectors of the JAK-STAT signaling pathway, suggesting that
an instructive mechanism can be important for the
regulation of self-renewal. Several effective inhibitors have
been proposed to target JAK-STAT pathway such as
Licochalcone A and Homoharringtonine. Licochalcone A is a
flavonoid isolated from the root of Glycyrrhiza induced
apoptosis of TEL-Jak2-transformed cells and inhibited the
phosphorylation and nuclear localization of STAT3, which is
essential for TEL-Jak2 induced cell transformation {87}.
Homoharringtonine (HHT) inhibited primary AML cells and
AML cell lines induced apoptosis, and the expressions of p-
JAK2, p-STATS5, and p-AKT were down-regulated while the
total JAK2, STATS and AKT protein levels were stable {88}.
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5. NF-KB
As it is shown that LSC and normal HSC are capable to self-
renew, thus to understand the relapse of AML cases, it is
essential to explore how HSC and LSC maintain normal
haematopoiesis and leukemogenecity, respectively.
Guzman et al, {89} showed that primitive AML cells
unusually express the tumour suppressor genes interferon
regulatory factor 1 (/RF1) and death associated protein
kinase (DAPK) with an increase in expression of transcription
factor NF-kB. This behaviour is not obvious in CD34°CD38~
cells from normal specimens. The activation of NF-kB is the
phenomenon seen obviously by the leukaemia cells.
Guzman reasoned that transcriptional activators NF-kB
might lie upstream of IRF-1. Furthermore, it is also seen that
NF-kB is activated in the majority of primary AML specimens
and LSC quiescent cells. Normal cells do not show this
phenomenon, suggesting this transcription factor as a key
survival factor and a leukaemia specific phenomenon for the
LSC {90}. Several drugs have been investigated to target NF-
KB such as proteosome inhibitor (salinosporamide A and
bortezomib) and parthenolide. Guzman et al.,, {91, 92}
treated AML and CML stem cells with parthenolide and
found them to be more specific to leukaemia cells than the
standard chemotherapy drug cytosine arabinoside. The
molecular mechanism of parthenolide mediated apoptosis
was associated with great inhibition of NF-kB through
inhibition of I1kB degradation. Salinosporamide (NPI-0052)
was used by Miller et al., {93} and showed the inhibition of
proteolytic activities in proteosome with an increase in
apoptosis in Ph+ ALL leukaemia.

6. TGF-8

The TGF-B superfamily of growth factors regulates a wide
variety of biological functions such as proliferation,
differentiation, migration, and apoptosis. TGF-B is the key
member of the TGF-B superfamily and exists in mammals in
three isoforms: TGF-B1, TGF-B2, and TGF-B3. Factors such as
TGF-B1 and macrophage inhibitory protein-l1a (MIP-1a) are
found to play a vital role in dampening of haematopoietic
cell growth kinetics {94, 95}. Particularly, TGF-B1 has been
found to selectively inhibit the growth of HSCs and
progenitor cells {96, 97, 98, 99}. TGF-B2 has demonstrated
to function as a positive regulator of HSCs, while TGF-B3
only functions as an inhibitor on primitive haematopoietic
cells {100, 101}. Inhibition of the cell cycle by TGF-B is
thought to be mediated in part by down-regulation of
proliferative proteins, such as c-myc, coupled with up-
regulation of cell cycle inhibitory proteins, such as p15, p21,
or p27 {102}. Studies have shown that p27 is essential for
TGF-B mediated proliferation inhibition of primitive
haematopoietic cells {103}. However, using a siRNA it was
shown that p57 is crucial for TGF-B mediated cell cycle
arrest in haematopoietic cells {104}. Up-regulation of TGF-
B/Smad pathway has been shown in many types of
leukaemia and cancers. Bcr-Abl expression increases TGF-B/
Smad transcription activity in Cosl cells, and this may be due
to enhancement of Smad promoter activity that results in
leukaemic cells escaping the TGF-B mediated inhibition of
cell proliferation {105}.

Several products have been used to target TGF-B1 such as
Geldanamycin and SM16. Geldanamycin (GA) inhibitor has
been shown to suppress TGF-f signalling, and degrade TGFB
type | and type Il receptors through a proteasome
dependent pathway {106}. SM16 small molecule ALK5
kinase inhibitor has been also tested against TGF-B in
murine mammary carcinoma cell line (4T1) and mice model.
SM16 was able to blockade TGF-B signal transduction,
prevented TGF-B induced morphological changes and
inhibited TGF-B induced invasion {107}.

7. PTEN

PTEN (Phosphatase and tensin homologue) is a tumour
suppressor gene that negatively regulates signaling through
the phosphatidylinositol-3-OH kinase (PI-3K) pathway.
Zhang et al., {108} showed that PTEN maintains the
haematopoietic stem cells. It is also seen that PTEN deficient
HSC successfully engrafted in recipient mice but they were
unable to maintain the haematopoietic reconstitution.
These findings reflect the dysregulation of their cell cycle
and decreased retention in the bone marrow niche. To
examine the role of PTEN in HSC, Yilmaz et al., {53} have
deleted the PTEN tumour suppressor gene in HSC and
showed that this deletion caused proliferation of HSC and
led to myeloproliferative disease within days and ALL and
AML leukaemias within weeks. It is likely that these effects
were modulated by mammalian target of rapamycin
(mTOR), which is a serine/threonine protein kinase that
regulates cell growth, proliferation, motility, survival,
protein synthesis, and transcription. Rapamycin not only
depleted LSCs but also restored normal HSC function,
providing a mechanism through which LSCs can be
selectively targeted, while maintaining the function of
normal HSCs {53}. The observation of eliminating LSC by
rapamycin has no effect on HSC and this suggests that
rapamycin and its analogues may be used to treat cancers
that exhibit increased PI-3K pathway activation.

8. HOX

HOX genes (including A, B, C, D clusters) encode
transcription factors that are important regulators of
hematopoiesis. HOXB4 over-expression in particular is
identified to drive high level ex vivo HSC expansion. It was
seen that the number of HSC in mice transplanted with
virally HOXB4 transduced HSC is significantly higher (14-fold
on average) than in mice transplanted with normal
untransduced mice {109}. Antonchuk et al, {110}
demonstrated the potency of HOXB4 to enable high level ex
vivo HSC expansion. Over-expression of HOXB4 can result in
a rapid and extensive in vitro expansion of polyclonal HSCs
that retain full lympho-myeloid repopulating potential and
result in enhanced in vivo regenerative potential. It has been
seen that co-cultures of human stem cells on stromal cells
secreting HOXB4 underwent a 20-fold increase in long term
initiating cells (LTC-IC) and a 2.5-fold increase in SRC {111}.
Similar results were obtained when mouse BM cells were
grown on stromal cells engineered to express HoxB4
preceded by the human immunodeficiency virus (HIV)-
transactivating protein, TAT {112}.
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Retroviral-mediated ectopic expression of HOXB4 resulted in
a rapid increase in proliferation of murine HSC both in vivo
(1000-fold increase in transduced HSC in a murine
transplant model) and in vitro (40-fold expansion of murine
HSC) with retention of lymphomyeloid repopulating
potential and enhanced regenerative capability in mice
{113}. However, high levels of HOXB4 expression in human
umbilical cord blood (CB) CD34 cells have recently been
reported to either increase proliferation of HSC or inhibit
differentiation {114} in order to direct the cells toward a
myeloid differentiation program rather than increasing
proliferation {115}. These studies suggest that in human
haematopoietic progenitors, HOXB4 affects cell fate
decisions (self-renewal, differentiation, or differentiation
block) in a concentration dependent manner. Many HOX
genes are linked with the development of acute leukaemia,
and chromosomal translocations between NUP98 and
HOXA9 or HOXD13 are reported in AML {116, 117} with
over-expression of HOXA9 carrying a particularly poor
prognosis {118}. Over-expression of HOX11 has been
reported in T-ALL {119}. It has been suggested that self-
renewal in LSCs may be regulated by HOX dependent
pathways {120}. A recent study by Andreeff et al., {121} has
demonstrated that low levels of HOX expression are
characteristic of favourable cytogenetic AML t(15;17) and
t(8;21), while they tend to be higher in intermediate
cytogenetic AMLs inv(16) or t(16;16) with both NPM and
FIt3 mutations as compared to NPM mutation alone.
Melanoma B16 cells, having over-expressed Hox genes, have
been treated with HXR9 that antagonizes the interaction
between HOX and a second transcription factor (PBX) that
modifies HOX activities. This led to increase apoptosis and
blocked the growth in B16, primary cells and mice model.
Results also showed that HXR9 has no toxicity on mice and
HSCs continued to grow and proliferate {122}.

9. Bmi-1

The Polycomb-group transcriptional repressor gene Bmi-1
was implicated in HSC maintenance, and loss of function
showed profound defects in HSC. Park et al., {123} showed
that Bmi-1 is highly expressed in purified HSC and its
expression declines with differentiation. Bmi-1 represents
one of the best-characterized Polycomb family members
with respect to function within multiple stem cell types.
Bmi-1 deficient mice exhibited a reduction in phenotypically
defined HSCs. These cells engraft poorly and exhaust
prematurely in serial transplantation experiments. It has
been seen that both gain and loss of function experiments
have demonstrated that Bmi-1 plays a vital role in HSC self-
renewal, with an initial focus on the role of Bmi-1 as a
negative regulator of the CDK inhibitor, p16 N4 and/or pl9
ARF {123}. Bmi-1 has an essential role in regulating the
proliferative potential of LSC. Previous experiments with
Bmi-1”~ mice showed that leukaemic (AML)
stem/progenitor cells lacking Bmi-1 were unable to engraft
and proliferate and displayed signs of differentiation and
apoptosis. Conversely, the reconstitution of the Bmi-1 gene
was found to completely abrogate these proliferative
defects {124}.

Bhattacharyya et al., {125} investigated the expression of
Bmi-1 in CML CD34" cells at each of the chronic phase (CP),
the accelerated phase (AP), and blastic crisis (BC) by flow
cytometry, and found that the level of Bmi-1 expression was
significantly higher in CP than in controls and was further
increased during the course of the disease progression.
Functionally, Bmi-1 forms a heterodimeric complex with
another PcG protein. PcG complexes bind to chromatin and
initiate/maintain gene repression that is thought to be
mediated by methylation, deacetylation, and ubiquitination
of core histones. Bmi-1 and Ringlb reconstitute an ubiquitin
E3 ligase activity with histone H2A as their ubiquitination
substrate {126}. Thus, inhibition of methylation, histone
deacetylase inhibitors, or inhibitors of the ubiquitin
proteasome system could be exploited as anti-Bmi-1
strategies in LSCs.

10. Telomere

Telomeres are regions of double stranded DNA, consisting of
repetitive T2AG3 sequences. They are found at chromosome
ends, and were first described in 1930s as essential
components that stabilize chromosomal ends {127}. Three
critical observations have been noted; first, telomere length
decreases with every cell division, second, telomeres from
older tissues are shorter than younger tissues, and third,
telomere length is reduced in tumours as compared to
adjacent normal tissue {128}. Telomere length is maintained
by a balance of processes that lead to shortening or
lengthening of the telomere sequence. The main factor,
which elongates telomeres, is the enzyme telomerase. Low
levels of telomerase expression are seen in primitive HSC
and in lymphocytes {129}. However, in tissue culture, when
human cell lines are immortalized, telomerase expression is
greatly upregulated and high levels of telomerase are seen
in 90 percent of human cancers {130}. Studies have shown
that telomeres are shorter and telomerase activity higher in
CML LSCs as compared to normal HSCs {131}. This raises the
possibility of exploiting differences in telomerase activity to
target LSCs. Drugs regulating telomerase activities in clinical
trials include arsenic trioxide, GRN163L, and hTERT vaccines.
In one study, GRN163L was used to inhibit lung cancer.
Using A549-luciferase’ GRN163L effectively inhibited
telomerase activity, resulting in progressive telomere
shortening {132}.

CONCLUSION

The SRC, SCID and NOD/SCID xenotransplantation assays
have helped researchers to identify many cell surface
markers to understand the biology of human
haematopoiesis and leukomogenesis. Intensive studies with
microarray experiments have demonstrated that the
deregulated pathways such as Wnt, STAT, and NF-kB play
critical roles in sustaining leukomogenesis and self-renewal
activity. Chemotherapy drugs such as cytarabine and
daunorubicin, and other kinase inhibitors such as imatinib
have been approved for patients with AML or CML.
Unfortunately, many of these patients tend to have a
relapse since standard chemotherapy are not effective
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against LSCs because majority of LSCs exist in a quiescent
state, which may be a major factor contributing to relapse.
The era of targeted therapy has almost arrived to eradicate
leukaemic and other cancer stem cells. Several targeted
therapies have been proposed to target the deregulated
targets. Some of them have been approved by US Food and
Drug Administration (FDA) such as proteasome inhibitor
bortezomib, while others are still in clinical trials such as
parthenolide, and GRN163L. The combination of standard
chemotherapy and targeted therapy may be a good strategy
to eradicate leukaemia stem cells.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Luo L, Han ZC. Leukemia Stem Cells. Int. J. Hematol. 2006;
84:pp.123-127.

Till JE, McCulloch EA. A direct measurement of the radiation
sensitivity of normal ~ mouse bone marrow cells. Radiat. Res.
1961; 14:pp.213-222.

Ho AD. Kinetics and symmetry divisions of hematopoietic stem
cells. Exp. Hematol. 2005; 33:pp.1-8.

Bonnet D, Dick JE. Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive
hematopoietic cell. Nat. Med. 1997; 3:pp.730-737.

Hope KJ, Jin L, Dick JE. Acute myeloid leukemia originates
from a hierarchy of leukemic stem cell classes that differ in
self-renewal capacity. Nat. Immunol. 2004; 5:pp.738-743.
Jamieson CH, Ailles LE, Dylla SJ, Muijtjens M, Jones C, et al.
Granulocytemacrophage progenitors as candidate leukemic
stem cells in blast-crisis CML. N. Engl. J. Med. 2004;
351:pp.657-667.

Korbling M, Estrov Z. Adult stem cells for tissue repair - a new
therapeutic concept? N. Engl. J. Med. 2003; 349:pp.570-582.
Cozzio A, Passegue E, Ayton PM, Karsunky H, Cleary ML, et
al. Similar MLL-associated leukemias arising from self-
renewing stem cells and short-lived myeloid progenitors.
Genes Dev. 2003; 17:pp.3029-3035.

Alison MR, Poulsom R, Forbes S, Wright NA. An introduction
to stem cells. J. Pathol. 2002; 197:pp.419-423.

Bongso A, Richards M. History and perspective of stem cell
research. Best. Pract. Res. Clin. Obstet. Gynaecol. 2004;
18:pp.827-842.

Wang J C, Doedens M, Dick J E. Primitive human
hematopoietic cells are enriched in cord blood compared with
adult bone marrow or mobilized peripheral blood as measured
by the quantitative in vivo SCID-repopulating cell assay.
Blood. 1997; 89:pp.3919-3924.

Vickers M, Brown GC, Cologne J B, Kyoizumi S. Modelling
haemopoietic stem cell division by analysis of mutant red cells.
Br. J. Haematol. 2000; 110:pp.54-62.

Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term
lymphohematopoietic reconstitution by a single CD34-
low/negative hematopoietic stem cell. Science. 1996;
273:pp.242-245.

Kent D G, Dykstra B J, Cheyne J, Ma E, Eaves C J. Steel
factor coordinately regulates the molecular signature and
biologic function of hematopoietic stem cells. Blood. 2008;
112:pp.560-567.

Dick JE. Stem cell concepts renew cancer research. Blood.
2008; 112:pp.4793-4807.

Lajtha LG. Stem cell concepts. Differentiation. 1979; 14:pp.23-
34.

Holyoake T, Jiang X, Eaves C, Eaves A. Isolation of a highly
quiescent subpopulation of primitive leukemic cells in chronic
myeloid leukemia. Blood. 1999; 94:pp.2056-2064.

Copland M, Michie A M, Holyoake T L. Stem Cells in
Leukemia and Other Hematological Malignancies. in Stem Cell
and Cancer. P111-136.NY: Springer 2009.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mazurier F, Gan O |, McKenzie J L, Doedens M, Dick J E.
Lentivector-mediated clonal tracking reveals intrinsic
heterogeneity in the human hematopoietic stem cell
compartment and culture-induced stem cell impairment. Blood.
2004; 103:pp.545-552.

Passegue E, Jamieson C H, Ailles L E, Weissman | L. Normal
and leukemic hematopoiesis: are leukemias a stem cell
disorder or a reacquisition of stem cell characteristics? Proc.
Natl. Acad. Sci. U S A. 2003; 100:pp.11842-11849.

Mazurier F, Doedens M, Gan O |, Dick J E. Rapid
myeloerythroid repopulation after intrafemoral transplantation
of NOD-SCID mice reveals a new class of human stem cells.
Nat. Med. 2003; 9:pp.959-963.

Fialkow P J, Singer J W, Adamson J W, Vaidya K, Dow L W, et
al. Acute nonlymphocytic leukemia: heterogeneity of stem cell
origin. Blood. 1981; 57:pp.1068-1073.

Hope K J, Jin L, Dick J E. Human acute myeloid leukemia stem
cells. Arch. Med. Res. 2003; 34:pp.507-514.

Griffin J D, Lowenberg B. Clonogenic cells in acute
myeloblastic leukemia. Blood. 1986; 68:pp.1185-1195.
McCulloch E A. Stem cells in normal and leukemic
hemopoiesis (Henry Stratton Lecture). Blood. 1983; 62:pp.1-
13.

Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, et al. A
cell initiating human acute myeloid leukaemia after
transplantation into SCID mice. Nature. 1994; 367:pp.645-
648.

Turhan A G, Lemoine F M, Debert C, Bonnet M L, Baillou C,
et al. Highly purified primitive hematopoietic stem cells are
PML-RARA negative and generate nonclonal progenitors in
acute promyelocytic leukemia. Blood. 1995; 85:pp.2154-2161.
Holyoake T L, Jiang X, Drummond M W, Eaves A C, Eaves C
J. Elucidating critical mechanisms of deregulated stem cell
turnover in the chronic phase of chronic myeloid leukemia.
Leukemia. 2002; 16:pp.549-558.

Rowley J D. A new consistent abnormality in chronic
myelogenous leukaemia identified by quinacrine fluorescence
and Giemsa staining. Nature. 1973; 243:pp.290-293.

Baum C M, Weissman | L, Tsukamoto A S, Buckle A M, Peault
B. Isolation of a candidate human hematopoietic stem-cell
population. Proc. Natl. Acad. Sci. U S A. 1992; 89:pp.2804-
2808.

Misaghian N, Ligresti G, Steelman L S, Bertrand F E, Basecke
J, et al. Targeting the leukemic stem cell: the Holy Grail of
leukemia therapy. Leukemia. 2009; 23:pp.25-42.

Jiang X, Zhao Y, Smith C, Gasparetto M, Turhan A, et al.
Chronic myeloid leukemia stem cells possess multiple unique
features of resistance to BCR-ABL targeted therapies.
Leukemia. 2007; 21:pp.926-935.

Guzman M L, Jordan C T. Considerations for targeting
malignant stem cells in leukemia. Cancer Control. 2004;
11:pp.97-104.

Cobaleda C, Gutierrez-Cianca N, Perez-Losada J, Flores T,
Garcia-Sanz R, et al. A primitive hematopoietic cell is the
target for the leukaemic transformation in human
Philadelphia-positive acute lymphoblastic leukemia. Blood.
2000; 95:pp.1007-1013.

Cox C V, Evely R S, Oakhill A, Pamphilon D H, Goulden N J,
et al. Characterization of acute lymphoblastic leukemia
progenitor cells. Blood. 2004; 104:pp.2919-2925.

Hong D, Gupta R, Ancliff P, Atzberger A, Brown J, et al.
Initiating and cancer-propagating cells in TELAML1-
associated childhood leukemia. Science. 2008; 319:pp.336-
339.

Kong Y, Yoshida S, Saito Y, Doi T, Nagatoshi Y, et al.
CD34+CD38+CD19+ as well as CD34+CD38- CD19+ cells
are leukemia-initiating cells with self-renewal capacity in
human B-precursor ALL. Leukemia. 2008; 22:pp.1207-1213.
Blair A, Hogge D E, Ailles L E, Lansdorp P M, Sutherland H J.
Lack of expression of Thy-1 (CD90) on acute myeloid leukemia



Biohealth Science Bulletin 2010, 2(1), 15 —24

Haemopoietic and Leukaemic Stem Cells

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

cells with long-term proliferative ability in vitro and in vivo.
Blood. 1997; 89:pp.3104-3112.

Jordan C T, Upchurch D, Szilvassy S J, Guzman M L, Howard
D S, et al. The interleukin-3 receptor alpha chain is a unique
marker for human acute myelogenous leukemia stem cells.
Leukemia. 2000; 14:pp.1777-1784.

Hosen N, Park C Y, Tatsumi N, Oji Y, Sugiyama H, et al. CD96
is a leukemic stem cell-specific marker in human acute myeloid
leukemia. Proc. Natl. Acad. Sci. U S A. 2007; 104:pp.11008-
11013.

Taussig D C, Pearce D J, Simpson C, Rohatiner A Z, Lister T
A, et al. Hematopoietic stem cells express multiple myeloid
markers: implications for the origin and targeted therapy of
acute myeloid leukemia. Blood. 2005; 106:pp.4086-4092.

Van Rhenen A, Moshaver B, Kelder A, Feller N, Nieuwint AW,
et al. Aberrant marker expression patterns on the
CD34+CD38_ stem cell compartment in acute myeloid
leukemia allows to distinguish the malignant from the normal
stem cell compartment both at diagnosis and in remission.
Leukemia. 2007; 21:pp.1700-1707.

Van Rhenen A, Van Dongen G A, Kelder A, Rombouts E J,
Feller N, et al. The novel AML stem cell associated antigen
CLL-1 aids in discrimination between normal and leukemic
stem cells. Blood. 2007; 110:pp.2659-2666.

Guan Y, Gerhard B, Hogge D E. Detection, isolation, and
stimulation of quiescent primitive leukemic progenitor cells
from patients with acute myeloid leukemia (AML). Blood.
2003; 101:pp.3142-3149.

Gilliland DG, Jordan C T, Felix C A. The molecular basis of
leukemia. Hematology Am. Soc. Hematol. Educ. Program.
2004; 1:pp.80-97.

Guzman M L, Neering S J, Upchurch D, Grimes B, Howard D
S, et al. Nuclear factor-kappaB is constitutively activated in
primitive human acute myelogenous leukemia cells. Blood.
2001; 98:pp.2301-2307.

Terpstra W, Ploemacher R E, Prins A, van Lom K, Pouwels K,
et al. Fluorouracil selectively spares acute myeloid leukemia
cells with long-term growth abilities in immunodeficient mice
and in culture. Blood. 1996; 88:pp.1944-1950.

Graham S M, Jorgensen H G, Allan E, Pearson C, Alcorn M J,
et al. Primitive, quiescent, Philadelphia-positive stem cells
from patients with chronic myeloid leukemia are insensitive to
STI571 in vitro. Blood. 2002; 99:pp.319-325.

Bhatia R, Holtz M, Niu N, Gray R, Snyder DS, et al.
Persistence of malignant hematopoietic progenitors in chronic
myelogenous leukemia patients in complete cytogenetic
remission following imatinib mesylate treatment. Blood. 2003;
101:pp.4701-4707.

Logan C VY, Nusse R. The Wnt signaling pathway in
development and disease. Annu. Rev. Cell. Dev. Biol. 2004;
20:pp.781-810.

Reya T, Clevers H. Wnt signalling in stem cells and cancer.
Nature. 2005; 434:pp. 843-850.

Austin T W, Solar G P, Ziegler F C, Liem L, Matthews W. A
role for the Wnt gene family in hematopoiesis: expansion of
multilineage progenitor cells. Blood. 1997; 89:pp.3624-3635.
Yilmaz O H, Valdez R, Theisen B K, Guo W, Ferguson D O, et
al. Pten dependence distinguishes haematopoietic stem cells
from leukaemia-initiating cells. Nature. 2006; 44:pp.475-482.
Willert K, Brown J D, Danenberg E, Duncan A W, Weissman |
L, et al. Wnt proteins are lipid-modified and can act as stem
cell growth factors. Nature. 2003; 423:pp.448-452.

Simon M, Grandage V L, Linch D C, Khwaja A. Constitutive
activation of the Wnt/beta-catenin signalling pathway in acute
myeloid leukaemia. Oncogene. 2005; 24: pp.2410-2420.
Muller-Tidow C, Steffen B, Cauvet T, Tickenbrock L, Ji P, et
al. Translocation products in acute myeloid leukemia activate
the Wnt signaling pathway in hematopoietic cells. Mol. Cell
Biol. 2004; 24:pp.2890-2904.

Abrahamsson A E, Geron |, Gotlib J, Dao K H, Barroga C F,
et al. Glycogen synthase kinase 3 missplicing contributes to

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

leukemia stem cell generation. Proc. Natl. Acad. Sci. U S A.
2009; 106:pp.3925-3929.

Majeti R, Becker MW, Tian Q, Lee TL, Yan Xet al.
Dysregulated gene expression networks in human acute
myelogenous leukemia stem cells. Proc. Natl. Acad. Sci. U S A.
2009; 106:pp.3396-3401.

Hu Y, Chen Y, Douglas L, Li S. f-Catenin is essential for
survival of leukemic stem cells insensitive to kinase inhibition
in mice with BCR-ABL-induced chronic myeloid leukemia.
Leukemia. 2009; 23:pp.109-116.

Kawano Y, Kypta R. Secreted antagonists of the Wnt signalling
pathway. J. Cell. Sci. 2003; 116:pp.2627-2634.

Valencia A, Roman-Gomez J, Cervera J, Such E, Barragan E,
et al. Wnt signaling pathway is epigenetically regulated by
methylation of Wnt antagonists in acute myeloid leukaemia.
Leukemia. 2009; 23:pp.1658-1666.

Varnum-Finney B, Xu L, Brashem-Stein C, Nourigat C,
Flowers D, et al. Pluripotent, cytokine-dependent,
hematopoietic stem cells are immortalized by constitutive
Notch1 signaling. Nat. Med. 2000; 6:pp.1278-1281.

Carlesso N, Aster J C, Sklar J, Scadden D T. Notchl-induced
delay of human hematopoietic progenitor cell differentiation is
associated with altered cell cycle kinetics. Blood. 1999;
93:pp.838-848.

Ye Q, Shieh J H, Morrone G, Moore M A. Expression of
constitutively active Notch4 (Int-3) modulates myeloid
proliferation and differentiation and promotes expansion of
hematopoietic progenitors. Leukemia. 2004; 18:pp.777-787.
Varnum-Finney B, Brashem-Stein C, Bernstein | D. Combined
effects of Notch signaling and cytokines induce a multiple log
increase in precursors with lymphoid and myeloid
reconstituting ability. Blood. 2003; 101:pp.1784-1789.
Delaney C, Varnum-Finney B, Aoyama K, Brashem-Stein C,
Bernstein | D. Dose-dependent effects of the Notch ligand
Deltal on ex vivo differentiation and in vivo marrow
repopulating ability of cord blood cells. Blood. 2005;
106:pp.2693-2699.

Duncan A W, Rattis F M, DiMascio L N, Congdon K L,
Pazianos G, et al. Integration of Notch and Wnt signaling in
hematopoietic stem cell maintenance. Nat. Immunol. 2005;
6:pp.314-322.

Weng A P, Ferrando A A, Lee W, Morris J P 4th, Silverman L
B, et al. Activating mutations of NOTCH1 in human T cell
acute lymphoblastic leukemia. Science. 2004; 306:pp.269-271.
Huntly B J, Gilliland D G. Leukaemia stem cells and the
evolution of cancer-stem-cell research. Nat. Rev. Cancer.
2005; 5:pp.311-321.

Fu L, Kogoshi H, Nara N, Tohda S. NOTCH1 mutations are
rare in acute myeloid leukemia. Leuk Lymphoma. 2006;
47:pp.2400-2403.

Mumm J S, Schroeter E H, Saxena M T, Griesemer A, Tian X,
et al. A ligand-induced extracellular cleavage regulates
gamma-secretase-like proteolytic activation of Notch 1. Mol
Cell. 2000; 5:pp.197-206.

Weng A P, Nam Y, Wolfe M S, Pear W S, Griffin J D, et al.
Aster Growth suppression of pre-T acute lymphoblastic
leukemia cells by inhibition of notch signaling. Mol. Cell. Biol.
2003; 23:pp.655-664.

Deangelo DJ, Stone RM, Silverman LB, et al. A phase | clinical
trial of the notch inhibitor MK-0752 in patients with T-cell
acute lymphoblastic leukemia/lymphoma (T-ALL) and other
leukemias. J. Clin. Oncol. ASCO Annual Meeting Proceedings
Part I. 2006; 24: pp 6585.

Trowbridge J J, Scott M P, Bhatia M. Hedgehog modulates cell
cycle regulators in stem cells to control hematopoietic
regeneration. Proc. Natl. Acad. Sci. U S A. 2006;
103:pp.14134-14139.

Bhardwaj G, Murdoch B, Wu D, Baker D P, Williams K P, et
al. Sonic hedgehog induces the proliferation of primitive
human hematopoietic cells via BMP regulation. Nat Immunol.
2001; 2:pp.172-180.



Biohealth Science Bulletin 2010, 2(1), 15 - 24

Bashanfer SA et al. 2010

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

Graham S M, Vass J K, Holyoake T L, Graham G J.
Transcriptional analysis of quiescent and proliferating CD34+
human haemopoietic cells from normal and CML sources.
Stem Cells 2007; 25:pp.3111-3120.

Radich J P, Dai H, Mao M, Oehler V, Schelter J, et al. Gene
expression changes associated with progression and response
in chronic myeloid leukemia. Proc. Natl. Acad. Sci. U S A.
2006; 103:pp.2794-2799.

Dierks C, Beigi R, Guo G R, Zirlik K, Stegert M R, et al.
Expansion of Bcr-Abl-Positive Leukemic Stem Cells Is
Dependent on Hedgehog Pathway Activation. Cancer Cell.
2008; 14:pp.238-249.

Chen J K, Taipale J, Cooper M K, Beachy P A. Inhibition of
Hedgehog signaling by direct binding of cyclopamine to
Smoothened. Genes Dev. 2002; 16:pp.2743-2748.

Kobune M, Takimoto R, Murase K, lyama S, Sato T, et al. Drug
resistance is dramatically restored by hedgehog inhibitors in
CD34+ leukemic cells. Cancer Sci. 2009; 100:pp.948-955.
Levy D E, Darnell J E. STATSs: transcriptional control and
biological impact. Nat. Rev. Mol. Cell Biol. 2002; 3:pp.651-
662.

Bagrintseva K., Geisenhof S., Kern R., Eichenlaub S., Reindl
C., et al. FLT3-ITD-TKD dual mutants associated with AML
confer resistance to FLT3 PTK inhibitors and cytotoxic agents
by overexpression of Bcl-x(L). Blood.2005; 105:pp. 3679-3685.
Schuringa J J, Chung K Y, Morrone G, Moore M A.
Constitutive  activation of STAT5 promotes human
hematopoietic  stem cell self-renewal and erythroid
differentiation. J. Exp. Med. 2004; 200:pp.623-635.

Kato Y, lwama A, Tadokoro Y, Shimoda K, Minoguchi M, et al.
Selective activation of STAT5 unveils its role in stem cell self-
renewal in normal and leukemic hematopoiesis. J. Exp. Med.
2005; 202:pp.169-179.

Matsuda T, Nakamura T, Nakao K, Arai T, Katsuki M, et al.
STAT3 activation is sufficient to maintain an undifferentiated
state of mouse embryonic stem cells. EMBO J. 1999;
18:pp.4261-4269.

Tulina N, Matunis E. Control of stem cell self-renewal in
Drosophila spermatogenesis by JAK-STAT signaling. Science.
2001; 294:pp.2546-2549.

Funakoshi-Tago M, Tago K, Nishizawa C, Takahashi K,
Mashino T, et al. Licochalcone A is a potent inhibitor of TEL-
Jak2-mediated transformation through the specific inhibition of
Stat3 activation. Biochem. Pharmacol. 2008; 76:pp.1681-1693.
Tong H, Ren Y, Zhang F, Jin J. Homoharringtonine affects the
JAK2-STATS signal pathway through alteration of protein
tyrosine kinase phosphorylation in acute myeloid leukemia
cells. Eur. J. Haematol. 2008; 81:pp.259-266.

Guzman M L, Upchurch D, Grimes B, Howard D S, Rizzieri D
A, et al. Expression of tumor-suppressor genes interferon
regulatory factor 1 and death-associated protein kinase in
primitive acute myelogenous leukemia cells. Blood. 2001;
97:pp.2177-2179.

90. Guzman M L, Swiderski C F, Howard D S, Grimes B A,
Rossi R M, et al. Preferential induction of apoptosis for
primary human leukemic stem cells. Proc. Natl. Acad. Sci U S
A. 2002; 99:pp.16220-16225.

Guzman M L, Rossi R M, Karnischky L, Li X, Peterson D R, et
al. The sesquiterpene lactone parthenolide induces apoptosis of
human acute myelogenous leukemia stem and progenitor cells.
Blood. 2005; 105:pp.4163-4169.

Guzman M L, Rossi R M, Neelakantan S, Li X, Corbett C A, et
al. An orally bioavailable parthenolide analog selectively
eradicates acute myelogenous leukemia stem and progenitor
cells. Blood. 2007; 110:pp.4427-4435.

Miller CP, Ban K, Dujka ME, McConkey D J, Munsell M, et al.
NP1-0052, a novel proteasome inhibitor, induces caspase-8
and ROS-dependent apoptosis alone and in combination with
HDAC inhibitors in leukemia cells. Blood. 2007; 110:pp.267-
2717.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Broxmeyer H E, Sherry B, Lu L, Cooper S, Oh K O, et al.
Enhancing and suppressing effects of recombinant murine
macrophage inflammatory proteins on colony formation in
vitro by bone marrow myeloid progenitor cells. Blood. 1990;
76:pp.1110-1116.

Hatzfeld J, Li M L, Brown E L, Sookdeo H, Levesque J P, et al.
Release of early human hematopoietic progenitors from
quiescence by antisense transforming growth factor beta 1 or
Rb oligonucleotides. J Exp Med. 1991; 174:pp.925-929.

Keller J R, Mantel C, Sing G K, Ellingsworth L R, Ruscetti S K,
et al. Transforming growth factor beta 1 selectively regulates
early murine hematopoietic progenitors and inhibits the
growth of IL-3-dependent myeloid leukemia cell lines. J. Exp.
Med. 1988; 168:pp.737-750.

Ruscetti F W, Jacobsen S E, Birchenall-Roberts M, Broxmeyer
H E, Engelmann G L, et al. Role of transforming growth
factor-beta 1 in regulation of hematopoiesis. Ann N Y Acad Sci.
1991, 628:pp.31-43.

Keller J R, McNiece | K, Sill K T, Ellingsworth L R,
Quesenberry P J, et al. Transforming growth factor beta
directly regulates primitive murine hematopoietic cell
proliferation. Blood. 1990; 75:pp.596-602.

Migdalska A, Molineux G, Demuynck H, Evans G S, Ruscetti
F, et al. Growth inhibitory effects of transforming growth
factor-beta 1 in vivo. Growth Factors. 1991; 4:pp.239-245.

Jacobsen S E, Keller J R, Ruscetti F W, Kondaiah P, Roberts
A B, et al. Bidirectional effects of transforming growth factor
beta (TGFbeta) on colony-stimulating factor-induced human
myelopoiesis in vitro: differential effects of distinct TGF-beta
isoforms. Blood. 1991; 78:pp.2239-2247.

Langer J C. et al. Quantitative trait analysis reveals
transforming growth factor-beta2 as a positive regulator of
early hematopoietic progenitor and stem cell function. J. Exp.
Med.2004; 199: pp 5-14.

Massague J, Blain S W, Lo R S. TGF beta signaling in growth
control, cancer, and heritable disorders. Cell. 2000;
103:pp.295-309.

Cheng T, Shen H, Rodrigues N, Stier S, Scadden D T.
Transforming growth factor beta 1 mediates cell-cycle arrest of
primitive hematopoietic cells independent of p21(Cipl/Wafl)
or p27(Kip1). Blood. 2001; 98:pp.3643-3649.

Scandura J M, Boccuni P, Massague J, Nimer S D.
Transforming growth factor beta-induced cell cycle arrest of
human hematopoietic cells requires p57KIP2 upregulation.
Proc Natl Acad Sci. U S A. 2004; 101:pp.15231-15236.

Dong M, Blobe G C. Role of transforming growth factor-g in
hematologic malignancies. Blood. 2006; 107:pp.4589-4596.

Yun C H, Yoon S'Y, Nguyen T T, Cho H Y, Kim T H, et al.
Geldanamycin inhibits TGF-b signaling through induction of
Hsp70. Arch Biochem Biophys. 2010; 295:pp.8-13.

Rausch M P, Hahn T, Ramanathapuram L, Bradley-Dunlop
D, Mahadevan D, et al. An orally active small molecule TGF-
beta receptor | antagonist inhibits the growth of metastatic
murine breast cancer. Anticancer Res. 2009; 29:pp.2099-21009.

Zhang J, Grindley J C, Yin T, Jayasinghe S, He X C, et al.
PTEN maintains haematopoietic stem cells and acts in lineage
choice and leukaemia prevention. Nature. 2006; 441:pp.518-
522.

Thorsteinsdottir U, Sauvageau G, Humphries R K. Enhanced
in vivo regenerative potential of HOXB4-transduced
hematopoietic stem cells with regulation of their pool size.
Blood. 1999; 94:pp.2605-2612.

Antonchuk J, Sauvageau G, Humphries RK. HOXB4-induced
expansion of adult hematopoietic stem cell ex vivo. Cell. 2002;
109:pp.39-45.

Amsellem S, Pflumio F, Bardinet D, Izac B, Charneau P, et al.
Ex vivo expansion of human hematopoietic stem cells by direct
delivery of the HOXB4 homeoprotein. Nat Med. 2003;
9:pp.1423-1427.



Biohealth Science Bulletin 2010, 2(1), 15 —24

Haemopoietic and Leukaemic Stem Cells

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Krosl J, Austin P, Beslu N, Kroon E, Humphries R K, et al. In
vitro expansion of hematopoietic stem cells by recombinant
TAT-HOXB4 protein. Nat Med. 2003; 9:pp.1428-1432.

Sauvageau G, Iscove N N, Humphries R. In vitro and in vivo
expansion of hematopoietic stem cells. Oncogene 2004;
23:pp.7223-7232.

Schiedlmeier B, Klump H, Will E, Arman-Kalcek G, Li Z, et al.
High-level ectopic HOXB4 expression confers a profound in
vivo competitive growth advantage on human cord blood
CD34+ cells, but impairs lymphomyeloid differentiation.
Blood. 2003; 101:pp.1759-1768.

Brun A C, Bjornsson J M, Magnusson M, Larsson N, Leveen P,
et al. Hoxb4-deficient mice undergo normal hematopoietic
development but exhibit a mild proliferation defect in
hematopoietic stem cells. Blood. 2004; 103:pp.4126-4133.
Borrow J, Shearman A M, Stanton V P, Becher R, Collins T, et
al. The t(7;11)(p15;p15) translocation in acute myeloid
leukaemia fuses the genes for nucleoporin NUP98 and class |
homeoprotein HOXA9. Nat. Genet. 1996; 12:pp.159-167.
Raza-Egilmez S Z, Jani-Sait S N, Grossi M, Higgins M J,
Shows T B, et al. NUP98-HOXD13 gene fusion in therapy-
related acute myelogenous leukemia. Cancer Res. 1998;
58:pp.4269-4273.

Golub T R, Slonim D K, Tamayo P, Huard C, Gaasenbeek M,
et al. Molecular classification of cancer: class discovery and
class prediction by gene expression monitoring. Science. 1999;
286:pp.531-537.

Hatano M, Roberts C W, Minden M, Crist W M, Korsmeyer S
J. Deregulation of a homeobox gene, HOX11, by the t(10;14)
in T cell leukemia. Science. 1991; 253:pp.79-82.

Argiropoulos B, Humphries R K. Hox genes in hematopoiesis
and leukemogenesis. Oncogene 2007; 26:pp.6766-6776.
Andreeff M, Ruvolo V, Gadgil S, Zeng C, Coombes K, et al.
HOX expression patterns identify a common signature for
favorable AML. Leukemia. 2008; 22:pp.2041-2047.

Morgan R, Pirard P M, Shears L, Sohal J, Pettengell R, et al.
Antagonism of HOX/PBX Dimer Formation Blocks the In vivo
Proliferation of Melanoma. Cancer Res. 2007; 67:pp.5806-
5813.

Park I K, Qian D, Kiel M, Becker M, Pihalja M, et al. Bmi-1 is
required for the maintenance of adult self-renewing
hematopoietic stem cells. Nature. 2003; 423:pp.302- 305.
Lessard J, Sauvageau G. Bmi-1 determines the proliferative
capacity of normal and leukemic stem cells. Nature. 2003;
423:pp.255-260.

Bhattacharyya J, Mihara K, Yasunaga S, Tanaka H, Hoshi M,
et al. BMI-1 expression is enhanced through transcriptional
and posttranscriptional regulation during the progression of
chronic myeloid leukemia. Ann Hematol. 2009; 88:pp.333-340.
Buchwald G, van der Stoop P, Weichenrieder O, Perrakis A,
van Lohuizen M, et al. Structure and E3-ligase activity of the
Ring-Ring complex of polycomb proteins Bmil and Ringlb.
EMBO J. 2006; 25:pp.2465-2474.

Blackburn E H. Structure and function of telomeres. Nature.
1991, 350:pp.569-573.

de Lange T. Telomere dynamics and genomic instability in
human cancer. in Blackburn EH and Greider CW (Editors),
Telomeres, pp. 265-293. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory, 1995.

Broccoli D, Young J W, de Lange T. Telomerase activity in
normal and malignant hematopoietic cells. Proc. Natl.
Acad.Sci. U S A. 1995; 92:pp.9082-9086.

Shay J W, Wright W E. Telomerase activity in human cancer.
Curr. Opin. Oncol. 1996; 8:pp.66-71.

Brummendorf T H, Holyoake T L, Rufer N, Barnett M J,
Schulzer M et al. Prognostic implications of differences in
telomere Stem Cells in Leukemia and Other Hematological
Malignancies 129 length between normal and malignant cells
from patients with chronic myeloid leukemia measured by flow
cytometry. Blood. 2000; 95:pp.1883-1890.

Dikmen Z G, Gellert G C, Jackson S, Gryaznov S, Tressler R,
et al. In vivo inhibition of lung cancer by GRN163L: a novel

human telomerase inhibitor. Cancer Res. 2005; 65:pp.7866-
7873.



