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ABSTRACT

The field of hematopoietic oncology has traditionally focused
on the study of hematopoietic cell autonomous genetic events
in an effort to understand malignant transformation and devel-
op therapeutics. Although highly rewarding in both aspects,
this cell autonomous approach has failed to fully satisfy our
need to understand tumor cell behavior and related clinical
observations. In recent years, it has been increasingly recog-
nized that the tumor microenvironment plays a pivotal role in
cancer initiation and progression. This review will discuss
recent experimental evidence in support of this view derived
from investigations in both epithelial and hematopoietic sys-
tems. Based on this, conceptual views and therapeutic implica-

tions will be provided on the emerging role of the bone mar-
row microenvironment in leukemogenesis.
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Introduction

Hematopoietic cells in oncogenesis: a reductionist view
The ability to separate, with relative ease, individual
hematopoietic cells from their surrounding tissue in the bone
marrow has greatly facilitated insight into hematopoiesis and
hematopoietic malignancy at the cellular and molecular level.
It was the hematopoietic system that, almost 50 years ago,
revealed the first experimental evidence of the existence of
stem cells in Till and McCulloch’s seminal work." These
observations were followed by the identification of
hematopoietic stem cell markers which led to their prospec-
tive identification and isolation,'™ followed by the delin-
eation of lineage progression in the hematopoietic system,
emanating in the iconic scheme of cellular differentiation in
hematopoiesis, known to all hematologists and biologists.
These pioneering insights into the cellular hierarchy of blood
cell formation, and the unique ability to interrogate well
defined subsets of hematopoietic cells, fostered the identifica-
tion of tumor-initiating cells’ and molecular insights into
hematopoietic stem and progenitor cell (HSPC) behavior,
including the genetic events leading to its malignant transfor-
mation. This knowledge has resulted in an increasingly
detailed molecular categorization of leukemia and the dissec-
tion of genetic abnormalities in acquired functional capabili-
ties that define hematopoietic neoplasm and other cancers,*
such as self-sufficiency in growth signals, evading apoptosis,
limitless replicative potential, insensitivity to anti-growth sig-
naling, sustained angiogenesis, and tissue invasion and metas-
tasis. These insights led to the emergence of highly effective
targeted therapies against subtypes of leukemia, e.g. imatinib

in ber/abl positive CML,” and helped widen our understand-
ing of tumor cell biology in other systems.

A role for the microenvironment in tumorigenesis
Although highly rewarding in these aspects, the reduction-
ist, hematopoietic cell-centered approach to the understanding
of hematopoiesis and its deregulation in hematopoietic cancer
has its limitations. It has been increasingly recognized that
cancer initiation and progression is not solely a cancer cell
autonomous process.” Primary tissue cells live in a complex
mesenchymal environment, characterized by heterotypic sig-
naling between ancillary cells and hematopoietic cells. This
signaling is considered to play a role in the regulation of the
behavior of HSPC, including their proliferation and differenti-
ation. The early events driving the initiation and malignant
evolution of pre-malignant states remain largely unknown but
involvement of a permissive tissue microenvironment has
been hypothesized.”® This view is fueled by several intriguing
observations in hematopoietic neoplasms that have long been
at odds with the notion of a predominantly hematopoietic cell
autonomous genesis of malignant transformation. These
include the well described phenomenon of donor cell-derived
hematopoietic neoplasm, defined as oncogenic transformation
of apparently normal donor hematopoietic cells in the trans-
plant recipient (but not the donor).” Also, the inability to prop-
agate certain leukemias, derived from humans or mice, in
immunodeficient mice' appears to be incongruent with the
view of hematopoietic cell autonomous acquisition of all can-
cer cell characteristics. Albeit infrequent, these observations
defy the dogma that the events that initiate cancer, or its defin-
ing characteristics, including infinite proliferation and self-
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renewal capacity, are completely or predominantly cancer
cell autonomous. Given the number of genetic alterations
required to develop clinically overt malignancy, it has been
proposed that in addition to the acquired characteristics
cells should acquire “enabling” characteristics, promoting
genomic instability. These ‘enabling’ characteristics, that
allow a single cell to accumulate the number of genetic
changes required to become malignant, are still not com-
pletely understood. In the hematopoietic system, the
observation that neoplasm may have polyclonal origins' is
not easily reconciled with the conception that the accumu-
lation of rare, stochastic genetic events leads to cancer. The
observation suggests a more generalized susceptibility to
malignant transformation. It then seems reasonable to con-
sider the possibility that the tumor milieu or microenviron-
ment is a determinant of the ‘enabling’ and ‘defining’ char-
acteristics of cancer in the hematopoietic system.

Dissecting the regulatory environment
in the hematopoietic system

Abnormalities in the tissue architecture in hematopoiet-
ic neoplasms have been noted historically but the contri-
bution to disease pathogenesis, if any, has remained poor-
ly explored. In order to clarify this we need an understand-
ing of the regulatory role of the bone marrow microenvi-
ronment in hematopoiesis. Interestingly, it was observa-
tions in the hematopoietic system that first focused on the
regulatory role of the microenvironment in tissue home-
ostasis. In 1978, Schofield predicted that there was a spe-
cific hematopoietic stem cell niche which ‘fixed’ the stem
cells in place and prevented their differentiation, allowing
the stem cell to proliferate and retain its stemness.”” Once
the stem cell progeny left the stem cell niche they would
then be able to differentiate. These predictions were based
on his observations that hematopoietic stem cells (HSCs)
needed to reside in the bone marrow to retain their ‘infi-
nite’ potential, whereas those that homed to the spleen
and formed colonies (CFU-S) were more restricted in their
capacity to sustain hematopoiesis.

Since then, and in remarkable contrast to the growing
understanding of hematopoietic cells, progress in defining
the cellular and molecular constituents of this niche has
been slow.

It is only over the last decade that substantial progress
has been made in delineating the cellular components of
this ancillary niche and the molecular communication that
underlies its regulatory function.” Cell types that, to date,
have been implicated in this regulatory environment
include osteolineage cells,"*" endothelial cells,®"” Cxcl12-
expressing reticular cells,”® osteo(adipo)progenitor cells,*
osteoclasts,” adipocytes,” and Nestin-expressing mes-
enchymal cells.” These cell types form a dynamic environ-
ment in which the number of niche cells can correlate
with the number of HSCs, a characteristic that can be
exploited for therapeutic purposes.”

Many questions remain, including the functional and
hierarchical relationship between these identified subsets
and the hematopoietic subsets that are under their control,
but the identification of niche participants rapidly creates
a framework in which the role of these cells can be inves-
tigated, not only in tissue homeostasis but also in disease
pathogenesis. This review will address evolving concepts
in the contribution of the microenvironment to the initia-
tion, evolution and progression of hematopoietic neo-
plasm. It will discuss recent experimental evidence sup-
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porting these concepts including precedents from epithe-
lial systems that may serve as models for understanding
the role of the bone marrow environment in leukemogen-
esis. Finally, diagnostic and therapeutic perspectives ema-
nating from these insights will be provided.

Emerging concepts on the role of the tissue
microenvironment in carcinogenesis

How, in principle, can ancillary tissue cells play a role in
oncogenesis¢ Experimental data support several views
(Figure 1). First, tumor cells can usurp existing HSC niches
and take advantage of niche specific signaling for their
maintenance and survival. This can be achieved through
competition for niches with normal tissue residents, par-
ticularly stem and progenitor cells, or by actively repress-
ing normal hematopoiesis or ‘hijacking’ these niches.
Secondly, tumor cells may manipulate their environment
in such a way that the environment becomes a ‘partner in
crime’, promoting tumor progression and metastasis. In
particular, data from diverse epithelial systems support
this view. Thirdly, it is conceivable that disruption of het-
erotypic signaling between HSCs and their niches con-
tributes to cancer initiation. Recent observations in stem
cell niches and murine disease models have added credi-
bility to this concept of niche driven oncogenesis. These
models, the evidence to support this concept, and their rel-
evance for hematopoietic neoplasm will be discussed.

1. Competition for innate niches for leukemia maintenance and
survival

The normal hematopoietic stem cell niche is the site
where HSCs are nurtured to ensure their life-long contri-
bution to hematopoiesis, principally by ensuring HSC sur-
vival and self-renewal. This is in part achieved by creating
an immuno-privileged sanctuary governing cellular quies-
cence. The niche and its occupying HSC, however, do not
represent a fixed entity but rather a fragile relationship.
Recent studies in Drosophila have demonstrated that stem
cell niches can be occupied by cells that outcompete nor-
mal stem cells for residence.”* Similarly, neoplastic cells
can take advantage of these privileged sites to promote
their own malignant agenda of evading apoptosis and
acquiring self-renewal capacity (Figure 1A). Many, pre-
dominantly in vitro investigations have demonstrated the
chemo-protective effect of hematopoietic-stromal cell
interactions, a phenomenon often referred to as “cell adhe-
sion mediated drug resistance” and implicated in the
occurrence and persistence of minimal residual disease.”
Recent in vivo experimental support for this view in the
hematopoietic system has come from human AML xeno-
transplantation models using newborn non-obese diabet-
ic/severe  combined  immunodeficient/interleukin
(NOD/SCID/IL)2r™" mice showing that leukemia-initiat-
ing cells (LICs) home to and engraft within the endosteal
area of the bone marrow, where they are protected from
chemotherapy-induced apoptosis.”® Subsequent studies
demonstrated that cellular quiescence of human LICs at
these sites governed resistance to cell cycle-dependent
cytotoxic therapy, which could be abrogated by inducing
these cells to enter the cell cycle by treatment with granu-
locyte colony-stimulating factor (G-CSF).” In combination
with cell cycle-dependent chemotherapy, G-CSF treat-
ment significantly enhanced induction of apoptosis and
elimination of human primary LICs in vivo, further corrob-
orated by significantly increased survival of secondary
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Figure 1. Concepts of niche contribution to leukemogenesis. (A) Competition for innate niches for LIC maintenance and survival. LICs com-
pete with residual normal HSCs for the survival signalling conferred by the niche. Alternatively, leukemic cells occupy HSC niches to re-install
LIC characteristics. Clinical consequences would include persistence of minimal residual disease, relapse and suppression of residual normal
hematopoiesis. (B) Niche disruption to facilitate leukemia progression. Leukemic cells alter the microenvironment in such a way that it coop-
erates in leukemic progression. (C) Niche-driven oncogenesis. Primary dysfunction of the niche is required for oncogenesis. This can occur
through promoting malignant transformation by increasing the target cell pool size or inducing genomic instability in normal HSPC (C1)
Alternatively, an aberrant niche may be required for clonal expansion and further malignant transformation of genetically aberrant
(preleukemic) cells (‘interclonal oncogenic cooperation') (C2). For experimental data supporting these concepts: see text.

recipients after transplantation of leukemia cells compared
with chemotherapy alone.

The occupation of niches may take place at the expense
of normal HSPC, a phenomenon likely reflected by the
common observation of the suppression of normal
hematopoiesis by hematopoietic neoplasm, even if this
cannot readily be explained by ‘outcrowding’ in the bone
marrow. It has been shown that this may occur by creat-
ing aberrant malignant niches that have the capacity to
attract and impair normal HSPC®. Proliferation of pre-B
acute lymphoblastic leukemia cells in the bone marrow of
xenografted mice altered the stromal microenvironment,
creating niches for leukemic cells that outcompeted native
HSPC niches for CD34" cell engraftment but failed to pre-
serve the normal HSPC pool. Together these observations
support the view that leukemic cells can usurp normal
niches and that tumor induced alterations of the microen-
vironment may affect normal hematopoiesis.

Hijacking the niche to re-install cancer stem cell characteristics

A defining characteristic of stem cell niches is their
capacity to endow stem cell characteristics on the cells
that occupy them. Reversion of differentiated cells to cells
with stem cell characteristics upon exposure to niche fac-
tors has been demonstrated in both Drosophila®* and
mammals.”* The power of the bone marrow microenvi-
ronment to govern lineage progression and differentiation
choices in the hematopoietic system is further document-
ed by the ability of microenvironmental clues to direct lin-
eage decisions of leukemic stem cells in a model of biphe-
notypic MLL-AF9 leukemia.* Importantly for oncogene-
sis, recent evidence suggests that the dominance of envi-
ronmental clues to endow and install stem cell character-
istics may not only occur in normal stem cells but may
also be relevant to tumor-initiating cells (Figure 1A). In
adenocarcinomas, high activity of the Wnt pathway is
observed preferentially in tumor cells located close to stro-
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mal myofibroblasts, indicating that Wnt activity and can-
cer stemness may be regulated by extrinsic cues. In agree-
ment with this, differentiated cancer cells which had lost
the capacity to form tumors and were no longer clono-
genic, could be reprogrammed to express colonic stem cell
markers and regain their tumorigenic capacity when stim-
ulated with myofibroblast-derived factors, including hepa-
tocyte growth factor (HGF).” The data suggest that cancer
stemness is not a rigid feature but can be modulated and
even installed by the microenvironment. Although the rel-
evance of these findings to hematopoietic neoplasms must
still be defined, it is conceivable that the proposed scheme
of linear hierarchy in leukemia has much more plasticity
than previously recognized. This would raise daunting
challenges to treatment; whereas, in a unidirectional hier-
archy, eradication of cancer stem cells should theoretically
be sufficient to cure disease, this is clearly not the case if
more differentiated cells regain leukemia-initiating capaci-
ty after surviving treatment.

2. Niche disruption to facilitate cancer progression and metastasis
There is increasing evidence indicating that tumor-stro-
mal cell interactions have a crucial role in tumor progres-
sion (Figure 1B). Most of this knowledge is derived from
studies in epithelial tumors where the role of cancer asso-
ciated fibroblasts (CAFs) has been extensively studied.”*
The functions of normal fibroblasts in epithelial tissues
include the deposition of extracellular matrix (ECM), regu-
lation of epithelial differentiation and regulation of inflam-
mation and wound healing.®" In tumorigenesis, these
fibroblasts become activated through signaling induced by
tumor cell or microenvironment-derived ligands.”
Activated fibroblasts secrete increased levels of ECM-
degrading proteases (such as matrix metalloproteinases)
and growth factors such as hepatocyte growth factor
(HGF) and tumor growth factor (TGF-p1) which can
induce proliferative signals within adjacent epithelial cells.
In a xenograft model of breast cancer, CAFs were shown
to play a central role in promoting the growth of tumor
cells through their ability to secrete stromal cell-derived
factor 1 (CXCL12/SDF1).* SDF-1promoted angiogenesis
by recruiting endothelial progenitor cells (EPCs) into carci-
nomas and directly stimulated tumor growth, acting
through the cognate receptor, CXCR4, which is expressed
by carcinoma cells. Further evidence to support a role for
stromal cell types in breast cancer cell progression is pro-
vided by the demonstration that bone marrow derived
human mesenchymal stem cells cause otherwise weakly
metastatic human breast carcinoma cells to greatly
increase their metastatic potency.” In this xenograft
model, the breast cancer cells stimulate de novo secretion of
the chemokine CCL5 (RANTES) from mesenchymal stem
cells, which then acts in a paracrine fashion on the cancer
cells to enhance their motility, invasion and metastasis.
Recent studies have revealed additional molecular tar-
gets to inhibit the promotion of tumorigenesis by stromal
cells, including a non-cell autonomous role for hedgehog
(hh) signaling in the stromal microenvironment in the pro-
gression of epithelial tumors." Inhibition of ligand-depen-
dent activation of the Hh pathway in the stromal microen-
vironment resulted in growth inhibition in xenograft
tumor models. In another study, genetic inactivation of
Pten and the resulting activation of Ets2 in stromal fibrob-
lasts of mouse mammary glands accelerated the progres-
sion and malignant transformation of mammary epithelial
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tumors.” This was associated with the massive remodel-
ing of the extracellular matrix (ECM), innate immune cell
infiltration and increased angiogenesis. Remarkably, Ets2
inactivation in Pten stroma-deleted tumors ameliorated
disruption of the tumor microenvironment and was suffi-
cient to reduce tumor growth and progression. It can be
concluded that the stromal tumor microenvironment in
epithelial tumors contributes to tumorigenesis and that
the molecular players behind it can, in principle, be target-
ed for therapeutic purposes.

So what evidence is there that stromal cell types in the
bone marrow promote progression or evolution of
leukemic cells¢ Interestingly, osteoblastic cells have been
described “as sophisticated fibroblasts”* with nearly iden-
tical gene expression signatures in osteoblasts and fibrob-
lasts. Many of the cytokines implicated in epithelial tumor
progression are present in the bone marrow. Although
these parallels predict a role for bone marrow stromal cells
in leukemic progression, surprisingly little is known about
the role of the microenvironment in this process. Our cur-
rent knowledge is largely derived from co-culture studies
of leukemic cells with different osteoblastic and mes-
enchymal cell subsets. Upon co-culture, stromal cells can
alter their behavior, resulting in increased proliferation and
altered cytokine profiles of leukemic cells in some stud-
ies.** If and how ancillary cells contribute to disease pro-
gression in vivo has not been studied in depth and there
have been no studies in which leukemic cells are co-trans-
planted with microenvironmental subsets. Challenges in
long-term survival, propagation and differentiation of
mesenchymal cells in the bone marrow, together with a
lack of cell-type specific genes to genetically target subsets
of cells in the environment, have hampered progress in
this area.

3. Niche-driven oncogenesis

Given the increasing amount of data demonstrating a
key regulatory role for the microenvironment in tissue
homeostasis, it seems reasonable to propose that primary
disruption of the microenvironment, in principle, has the
capacity to result in disruption of steady state
hematopoiesis, perhaps even hematopoietic disease. It
has long been hypothesized that disruption of heterotyp-
ic niche signaling governing quiescence in stem cell niches
may lead to increased proliferation of primitive cells
allowing them to acquire genetic abnormalities and initi-
ate tumorigenesis.”* Of interest, the activated state of
fibroblasts, promoting tumorigenesis, can also be induced
by stimuli such as sublethal irradiation, senescence and
inflammation, providing an attractive working model for
understanding the association between inflammation,
aging and cancer.”* However, emerging data indicate
that not all tissue stem cells in mammals are in a quies-
cent state and may switch between a deeply quiescent,
reserve, pool and an activated, proliferating state upon
increased demands of the tissue.”® Examples of the exis-
tence of stem cells with different proliferation rates
include the intestinal and hematopoietic systems.*””
Distinct activation stages of hematopoietic stem cells
may be associated with distinct niches, although as yet
there have been no experiements which have shown this.
This indicates that HSC proliferation in itself does not
have to be detrimental to the genomic integrity of the
cell. At the same time, the concept of ‘activation-state
switching’ opens the possibility that, in addition to loss of
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quiescence governing signaling in the ‘quiescent’ niche,
disruption of the extrinsic clues regulating traffic between
such niches, may lead to loss of anchorage of stem cells
from their ‘quiescent’ niche (protecting genomic integrity)
towards an ‘activation’ niche where proliferation may
poise these long-lived cells for genetic transformation.

The first demonstration that primary alteration of ancil-
lary cells can initiate tumorigenesis in an animal model
was provided through targeted deletion of the TGF- 8-
receptor in fibroblasts using the fibroblast-specific pro-
tein, FSP1, as a promoter. This resulted in intraepithelial
neoplasia in prostate and invasive squamous cell carcino-
ma of the forestomach in the mouse.” Although acciden-
tal deletion of TGFBr in a subset of epithelial cells cannot
be entirely excluded, activation of paracrine hepatocyte
growth factor (HGF) signaling upon loss of TGE-f respon-
siveness was identified as one possible mechanism for
stimulation of epithelial proliferation. The findings indi-
cated that normal fibroblasts are required to maintain
epithelial homeostasis, whereas ‘activated’” CAFs pro-
mote, and may in fact initiate, tumorigenic alterations in
epithelial cells.

Recently, the first evidence was provided that primary
alterations in the bone marrow microenvironment can
drive oncogenesis in the hematopoietic system.” In this
study, dysfunction of a well-defined stromal subset of
bone progenitor cells initiated a pre-leukemic tissue state,
enabling the development of acute leukemia. In an effort
to investigate the role of developmental stage-specific
osteoblastic cells in the regulation of hematopoiesis, the
authors faced the common conundrum of how to select
genes to modulate and therefore chose a strategy to alter
gene expression programs, rather than single genes, by
targeting the ‘landscape-modifying’ miRNA-processing
endonuclease Dicerl. Targeted deletion of this gene from
osterix-expressing osteoprogenitor cells broadly disrupted
the integrity of the hematopoietic system, affecting sur-
vival, proliferation and differentiation of heterotypic
hematopoietic stem and progenitor cells in a manner reca-
pitulating key features of the human leukemia-predispo-
sition myelodysplastic syndrome (MDS). These changes
were entirely dependent on the microenvironment and
were not observed when Dicerl was deleted in mature
osteoblasts. Transplantation of hematopoietic cells from
mutant mice displaying myelodysplasia into wild-type
mice reversed their phenotype whereas transplantation of
wild-type hematopoietic cells into mutant mice resulted
in myelodysplasia, indicating that changes were entirely
microenvironment dependent. The recapitulation of
human MDS characteristics included the propensity to
develop acute myelogenous leukemia, manifested by
leukocytosis with myeloblasts, anemia, splenomegaly,
and the development of myeloid sarcomas which har-
bored distinct cytogenetic abnormalities.

Dicer1 deleted osteoprogenitors expressed reduced lev-
els of Sbds, the gene mutated in Shwachman-Bodian-
Diamond Syndrome, the human congenital bone marrow
failure and leukemia predisposition state and deletion of
Sbds from osteoprogenitors largely phenocopied the
myelodysplastic phenotype. The data demonstrate the
central role individual cellular stromal elements can play
in tissue homeostasis and reveal that primary dysfunction
of such cells can initiate secondary neoplastic disease in
the hematopoietic system. The study added to earlier
work showing that deletion of the retinoic acid receptor y

(RARY) from the bone marrow microenvironment in mice
led to the development of a myeloproliferative syndrome
(MPS), but not hematopoietic malignancy.” This pheno-
type could partly be attributed to an increase in the
expression of TNFa, as transplantation with TNFa-/-
bone marrow in RARy-/- mice led to a partial rescue of
the MPS phenotype. Also noteworthy in this context is a
recent study in which induction of VEGF in osteo-chon-
droprogenitors and their progeny was shown to induce
increased bone mass, and aberrant vascularization of the
bone and hematopoietic abnormalities.*® These abnor-
malities include pronounced bone marrow fibrosis,
altered megakaryocytes and enhanced mobilization of
HPCs from the bone marrow into the circulation, findings
remarkably similar to those in patients with primary
myelofibrosis, another pre-leukemic bone marrow disor-
der. Induction of beta-catenin transcriptional activity in
endothelial and osteoblastic cells, likely through modula-
tion of glycogen synthase kinase 3-beta phosphorylation,
was involved, coupling angiogenesis and osteogenesis in
this model. Together, the studies illustrate the capacity of
primary alterations in the bone marrow microenviron-
ment to initiate hematopoietic abnormalities that resem-
ble human disease. Interestingly, these diseases have in
common a predisposition to the development of acute
leukemia and the data point to the microenvironment as
the site of the initiating event that leads to secondary
genetic changes in other cells. It is, therefore, possible to
imagine a niche-based model of oncogenesis whereby a
change in a specific microenvironmental cell can serve as
the primary moment in a multi-step process toward
malignancy of a supported but distinct cell type. The
question should then be raised: how does the niche act as
a leukemogenesis-driving entity¢ Based on the data, sev-
eral scenarios are conceivable (Figure 1C).

First, it may be that the niche acts as an initiator of
oncogenesis (Figure 1C1). Increased proliferation and
impaired, dysplastic differentiation of hematopoietic pro-
genitor cells induced by the microenvironment may poise
hematopoietic cells for genetic events initiating malignant
transformation. In such a scenario, the niche acts through
increasing the size of the target cell pool to increase prob-
ability of tumor initiation. Alternatively, genetic events
could result from genomic instability induced by dysfunc-
tion of the microenvironment. Support for this view has
been provided by the demonstration that the matrix met-
alloproteinase MMP3 and hypoxia, both under regulatory
control of the bone marrow microenvironment, can
induce genomic instability in heterotypic cells.” In
mammary epithelial cells, MMP3 caused genomic alter-
ations by activating genotoxic cellular metabolic path-
ways and subsequent generation of reactive oxygen
species. Other mechanisms through which MMPs have
been suggested to promote early tumorigenesis include
disruption of celllECM adhesion resulting in loss of
anchorage-dependent maintenance of genomic integrity
or by compromising normal cytokinesis.”

Rather than directly initiating oncogenesis through the
induction of genetic instability, the aberrant microenvi-
ronment may enable the expansion and subsequent
malignant transformation of pre-existing, stochastically
occurring, cytogenetic clones in the bone marrow (Figure
1C2). In such a scenario, random cytogenetic abnormali-
ties occur in HSPC, but do not lead to clonal advantage
over non-mutated competitors unless alterations of ancil-
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lary cells provide a selective environment for expansion.
In this view, the microenvironment is a ‘facilitator’,
required but not sufficient for malignant transformation.
The sporadic occurrence of AML in mice with a genetical-
ly altered microenvironment” may agree with such a
view.

Recent support for this came from data in Drosophila
demonstrating that genetic abnormalities in adjacent cells
can cooperate in the process of carcinogenesis,” referred
to as “interclonal oncogenic cooperation”. In this study;,
Ras(V12) (an oncogenic form of the Drosophila Ras85D
protein) and scrib(-) mutations in different adjacent
epithelial cells caused tumors, whereas the tumorigenic
capacity of cells with RAS(V12) mutations alone was low.
Theoretically, these concepts for niche-driven oncogene-
sis are not mutually exclusive but may be co-operative.
The current mouse models do not differentiate between
these possibilities.

Clinical perspectives and future challenges

Despite the increasing recognition of the roles of ancil-
lary cells in the development and regulation of
hematopoiesis, the contribution of the bone marrow
microenvironment to human hematopoietic disease has
still not been adequately explored. Much of the knowl-
edge about the microenvironmental contribution to onco-
genesis has been derived from epithelial tumors. The
emerging models suggest that the bone marrow microen-
vironment may be pivotal not only in causing disease
maintenance and resistance but could also be critically
implicated in disease initiation and progression. Emerging
mouse models link primary alterations in the microenvi-
ronment to human pre-leukemic bone marrow condi-
tions, such as congenital bone marrow failure syndromes,
MDS, MPD and primary myelofibrosis.

Today, it must still be determined whether any ancil-
lary cell abnormality plays a role in the pathogenesis of
these disorders in humans, but several observations may
be congruent with this view. In MDS, unlike some other
clonal hematopoietic disorders, it has been very difficult
to faithfully engraft and propagate human disease in
murine models by transplanting hematopoietic cells from
MDS patients into immunodeficient mice." This observa-
tion has sparked a long standing debate about a potential
causative or facilitating role for the microenvironment in
the pathogenesis of this disease.” A sick environment
with an altered cytokine milieu may work together with
sick hematopoietic stem cells in the cause and evolution
of these diseases but the relative contribution of these cel-
lular compartments to disease development, the molecu-
lar crosstalk governing their evolution, and the specific
identity of the cellular elements in the bone marrow
microenvironment remain to be explored.

Intriguingly, aberrant localization of immature progeni-
tors (ALIP) is a well documented histological finding in
MDS and refers to the more central medullary localiza-
tion of primitive hematopoietic cells instead of their nor-
mal localization near the trabecular endosteum.” It may
be worthwhile revisiting this phenomenon in the light of
the expanding potential to identify cellular constituents of
hematopoietic niches and the emerging understanding
that distinct HSC niches, e.g. endosteal and endothelial
niches, may govern discrete proliferation stages of HSPC.

An increasing number of studies indicate that stromal

cells in human hematopoietic pre-leukemia have under-
gone both phenotypic and genetic abnormalities,*”
although the heterogeneity of ex vivo expanded BMDSC
and the experimental bias introduced by in vitro culture of
plastic adherent cells have limited the conclusiveness of
such investigations. Similarly, somatic genetic alterations
within stromal cells have been demonstrated in epithelial
tumors and attributed to clonal selection or co-evolution
in a mutagenic cancer-environment although these find-
ings remain controversial due to debates about the
methodology used.” In the light of emerging experimen-
tal data, including the recognition that genetic abnormal-
ities in adjacent cells can co-operate in the process of car-
cinogenesis, it is now conceivable that these genetic
abnormalities, if confirmed, are not only the result of co-
evolution in the tumor environment but may in fact be at
the basis of leukemia initiation and progression. The
recognition that signals from the microenvironment may
drive or select for subsequent transforming events, and
that evolving leukemia may remain dependent on niche
signaling, implies that such signals may represent candi-
date prognostic factors and therapeutic targets in both
treatment and prevention strategies. In this light, it will
also be interesting to revisit the effects of current
immunomodulatory agents on this signaling® in order to
fully understand the heterogeneity in efficacy in some
subtypes of MDS and myelofibrosis.

Looking ahead, major challenges remain. It will be
important to further identify and characterize subsets of
ancillary cells in the bone marrow, their functional rela-
tionships and roles in hematopoietic support, both indi-
vidually and together. The emerging data reveal an
increasing number of cell types involved, but the greater
challenge will be in revealing their hierarchical and func-
tional relationship and how these cell types integrate into
an organ, sufficiently nimble and dynamic, to support the
demands of hematopoiesis. It has to be recognized that
these relationships are dynamic and interactive.
Hematopoietic cells influence each other and can shape
their environment but similarly, different developmental
subsets of environmental cells have effects on hematopoi-
etic cells and other ancillary cells, e.g. osteoprogenitor
cells have emerged as regulators of the integrity of the
bone marrow architecture in the mouse models avail-
able,"” generating secondary changes in other microenvi-
ronmental compartments such as endothelial cells or the
tissue matrix.

As these investigations are likely to occur in animal
model systems, it will be important to translate findings
to the human bone marrow. Identification of cellular sub-
sets in humans will then allow their molecular interroga-
tion in normal versus diseased states.

In the years to come, these investigations may comple-
ment the well known schedule of differentiation and lin-
eage progression in hematopoiesis with the microenvi-
ronmental cells and factors that govern these processes in
the bone marrow. Deciphering this microenvironmental
dimension of hematopoiesis will be essential to fully
appreciate its role in hematopoietic disease, including
leukemogenesis. The evolving concepts on the contribu-
tion of the environment to oncogenesis, partly instructed
by other systems as outlined in this paper, warrant con-
sideration in the design and interpretation of such inves-
tigations.
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