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Decades of lack of progress in treating many fatal malignancies of
the blood-forming system is commanding interest in new ap-
proaches. Targeting early events in the leukemogenic process has
long been recognized as likely to offer the information required
for these diseases. Analysis of the representation of different muta-
tions in the leukemic cells from individual patients offers a retro-
spective method to infer their sequence of acquisition and
associated subclonal dynamics. An alternative, prospective
approach is to exploit strategies for recreating human leukemia
de novo using defined genetic methods. This concept is not new,
but has been historically difficult to realize. A brief review of our
experience in generating insights into the properties and regula-
tion of primitive normal human hematopoietic cells serves as a
reminder of how this has enabled our recent advances in devel-
oping this approach using both primary sources of chronic
myeloid leukemic cells and normal cord blood cells as targets.

Prologue

This perspective traces some highlights from our laboratory
research efforts spanning several decades that have worked
toward the long-term goal of improving outcomes of pa-
tients with acute myeloid leukemia (AML). It is also written
with the purpose of formally recognizing the extraordinary
insight and generosity of the Stiftelsen family and the
Tobias Foundation they created. Their vision to promote
hematopoietic stem cell research as a primary avenue to
obtain better treatments of life-threatening blood diseases
is unprecedented. Also to be recognized at the outset is
the combined effort of an outstanding and dedicated
team of trainees and colleagues who played a major role
in the work described below. Many of the methods devel-
oped to enable primitive normal and malignant human
cells to be characterized, as well as key findings thereby
enabled, are due to their creativity and efforts. It is an
honor and a privilege to link this jointly inspired and
executed work with the Tobias Award, necessarily summa-
rized here in very brief form.

Introduction

Evidence that human diseases classified as acute myeloid
leukemia (AML) represent clonal disorders arising in a sin-
gle hematopoietic cell dates back many years. Early studies
indicated that the generation of AML is commonly, albeit
not always associated with the acquisition by the malig-
nant cells of a variety of chromosome abnormalities. These
are now known to reflect different mutations that deregu-

late proliferation and block the differentiation of primitive
normal blood cell precursors, features considered diag-
nostic of AML (Kayser and Levis, 2018). Additional features
of most AMLs include the suppression of residual normal
hematopoiesis and a continuing genetic and biological
evolution of the leukemic cells. Recent large-scale collec-
tions of genomic, transcriptomic, and epigenomic data
from AML patients’ cells have now identified the genes
most commonly altered, including mutations affecting
epigenetic control systems rather than those directly
altering signaling, receptor, or transport mechanisms (Bul-
linger et al., 2017; Cancer Genome Atlas Research Network
et al., 2013; Welch et al., 2012). The large diversity of sub-
clones thereby evident in many AML patients already at
diagnosis is likewise now well established. Nevertheless,
the field is now facing many additional challenges to the
use of patients’ samples for developing more effective treat-
ments. This is due to the sheer numbers of AML blasts often
needing to be eliminated (>10'? cells/patient), the limited
numbers of cells that can be accessed for analysis (typi-
cally <1/10,000th of the entire clone), their distribution
over many sites, and the heterogeneity of their biological
properties (Dick, 2005; McCulloch, 1993; Ng et al., 2016).
Taken together, these issues greatly undermine the likeli-
hood that continued direct examination of patients’ sam-
ples will be sufficient to identify treatments capable of
significantly advancing the management of human AML.

A related hurdle has been the long-standing paucity of
detailed information about cellular and molecular mecha-
nisms that control primitive stages of normal human he-
matopoiesis. Standard microscopic examination of the
bone marrow and blood remains limited to defining the
last few steps involved in the terminal differentiation of
granulocytes, monocytes, erythroid cells, and megakaryo-
cytes. The development of clonal assays able to detect
and quantify subsets of cells with these different output ca-
pabilities in the 1960s and 1970s was thus a major break-
through. Eventually such assays enabled the detection of
cells that produced pure colonies of mature neutrophils
and/or macrophages, or erythroid cells, or megakaryocytes,
or mixtures of these in semi-solid cultures containing
appropriate growth factors (Figure 1). Analogous to the
terminally differentiating cells they generate, these clono-
genic cells could be classified based on the number, time
of generation, and ultimate spectrum of mature cells each
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produced. Optimization of conditions for their detection
also enabled the development of methods for their prospec-
tive isolation as separately enriched compartments of cells.
Taken together, these findings were interpreted as indica-
tive of an early lineage restriction process that involved
sequential stepwise events spanning a finite number of
cell divisions, thus creating a readily visualized hierarchy
incorporating these coordinated changes (Eaves, 2015).

Later studies identified an even more primitive subset of
human (as well as mouse) hematopoietic cells. Their detec-
tion was based on their ability to produce directly clono-
genic cells and their short-lived mature progeny for much
longer periods (many weeks) when co-cultured with
certain types of stromal cells. In addition, these more prim-
itive cells could be phenotypically distinguished from the
short-term clonogenic progenitors they produced (Eaves
et al.,, 1992). The discovery that highly immunodeficient
mice support all early stages of human blood cell produc-
tion (Doulatov et al., 2012) led to a further but analogous
stratification of primitive human hematopoietic cell types,
again according to the durability of their mature cell out-
puts (Figure 1) (Miller et al., 2013).

Chronic-Phase Chronic Myeloid Leukemia Cells as
Targets for Genetically Engineering Disease
Progression to AML

The mutational diversity of human AML on top of the ge-
netic dissimilarities in the individuals that develop these
diseases have always raised questions about the likely util-
ity of using forward genetic approaches to recapitulate the
genesis of AML experimentally in primary sources of hu-
man cells. From a practical viewpoint, the very defining
biological features of AML—a deregulated proliferation ac-
tivity and suppressed terminal differentiation—also pre-
clude the use of most differentiation landmarks to relate
the mechanisms perturbed to the hierarchically ordered
normal processes.

This challenge is not unique to AML. It is shared by many
types of human cancer. Indeed its early recognition promp-
ted a strong effort to create and investigate the malignant
cells obtained in genetically engineered mouse models.
Moreover, early efforts to extend this approach to primary
sources of normal human hematopoietic cells were gener-
ally unsuccessful, despite progress in primary human cell
isolation and continuously improved methods for their
efficient genetic modification using lentiviral vectors.

As a way of potentially side-stepping the failures encoun-
tered using normal human hematopoietic cells as targets of
genetic alteration, we opted to start with chronic-phase
chronic myeloid leukemia (CP-CML) cells. In the CP of
CML, expansion of the leukemic clone has generally
already advanced to the point of achieving dominance
throughout the entire system, but without perturbing
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normal differentiation. Moreover, studies of CP-CML cells
suggested that these, in fact, mirrored the envisaged normal
hierarchy (Figure 2). In addition, in the era preceding the
introduction of tyrosine kinase inhibitor therapy for
CML, CP-CML cells were known to ultimately transform
into very aggressive leukemias, typically within a few years,
even if the CP-CML clone was kept in check with drugs such
as hydroxyurea. Thus it seemed likely that primitive CP-
CML progenitors might be already primed to progress to
an AML state and hence display an increased susceptibility
to an oncogenic perturbation (Sloma et al., 2010).

Models Based on Genetically Engineering CP-CML
Cells

To rationalize how best to approach testing this idea, we
first considered available clues from analyses of CP-CML
progenitors. One of these was the unexpected identifica-
tion of a “normal” representation of different lineages of
early progenitor types, all of which were inappropriately
enlarged (Figure 2). Thus the characteristic excess output
of neutrophils and monocytes of CP-CML, and the usual
associated suppression of erythropoiesis, could not be ex-
plained as an early programmed switch or commitment
bias toward the neutrophil/monocyte lineage. In addition,
accompanying this observation was the finding that all CP-
CML clonogenic progenitors, regardless of their lineage
types, display an increased cycling activity. Importantly,
we also found that these primitive CP-CML cells produce
and respond to an autocrine interleukin-3 and granulocyte
colony-stimulating factor mechanism that is activated
within them, but is then lost when they terminally differ-
entiate. This unusual stage-specific autocrine mechanism
thus provides a potential explanation for the characteristi-
cally marked lineage-independent expansion of CP-CML
clonogenic progenitors (Holyoake et al., 2002).
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itor cell types produce mature blood cells when
optimally stimulated. Cell surface expression
of CD34 generally separates all of these cells
(2% of all nucleated bone marrow cells) from
their CD34-negative, morphologically recog-
nizable maturing progeny (98% of all nucle-
ated bone marrow cells). CD38 then further
subdivides the CD34" subset as shown. CRUs
refers to competitive repopulating units (in
immunodeficient mice), LTC-ICs to long-term
culture initiating cells (in stromal cell-con-
taining cultures), and CFCs to colony-forming
cells or short-term clonogenic progenitors.

However, examination of the more primitive CP-CML
cells from which short-term clonogenic cells are derived
in co-cultures containing stromal cells revealed a different
picture. The numbers of the upstream CP-CML cells de-
tected using this culture system appeared not to be grossly
expanded. In fact, they are usually outnumbered by a resid-
ual population of their normal counterparts that remain
functional but whose progeny are outcompeted or sup-
pressed by the later types of CP-CML cells whose prolifera-
tive activity becomes deregulated. Moreover, when the
cell-cycle status of this very early subset of normal and
CP-CML cells was compared, both normal (Ph-negative)
and CP-CML (Ph/BCR-ABL*) subsets were found to be
quiescent when isolated directly from patients, without
any evidence of an autocrine mechanism in the CP-CML
cells (Holyoake et al., 2002). Not only was this discovery
of a primarily quiescent subset of primitive CP-CML pro-
genitors unexpected, to my knowledge, it was the first
report of a reversibly dormant subset of malignant cells.
On the other hand, despite their apparently “normal” pro-
liferative state, the self-maintenance behavior of these
primitive CP-CML cells in vitro, as shown by their reduced
outputs of daughter long-term culture initiating cells,
(LTC-ICs) proved to be highly deficient by comparison
with their normal counterparts both in the presence and
absence of stromal cells (Figure 2) (Eaves et al., 1998).

Accordingly, our initial thoughts about how to engineer
their progression to AML were focused on strategies to over-
come this “self-renewal defect.” For this we turned to the
NUP9S8HOXA10 homeodomain (NAIOHD) fusion gene
construct based on its previously demonstrated ability to
enhance the expansion in vitro of primitive mouse hemato-
poietic cells (>1,000x) (Ohta et al., 2007), and a significant,
albeit more modest effect, on their similarly treated human
counterparts (Sloma et al., 2013). As illustrated in Figure 3,
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when the same NA10OHD vector was lentivirally introduced
into CD34* CP-CML cells that were then cultured on sup-
portive human growth factor-producing stromal cells, the
typical failure of primitive Ph/BCR-ABL" cells to be sus-
tained (Figure 2) was reversed. Instead, the output of Ph/
BCR-ABL" clonogenic progenitors was markedly and
consistently increased for up to 6 weeks. Moreover, this ef-
fect stood in sharp contrast to the concomitantly declining
progenitor outputs from primitive normal cells initially
also present in these same samples. However, despite this
ability of NA1OHD expression to expand the progenitor
output of CP-CML cells, the latter showed no deficiency
in their ability to further differentiate into granulopoietic
and erythroid progeny and there was also no significant ef-
fect on cell outputs in transplanted immunodeficient mice
(Sloma et al., 2013).

Based on these findings, we next designed an experiment
using the stromal co-culture assay system to screen a series
of 16 candidate mutant genes that we anticipated might
have even greater effects when expressed in CD34* CP-
CML cells. To facilitate this, we initiated each culture
with equal numbers of these cells transduced either with
a vector encoding the test gene plus GFP or just YFP, so
that their progeny generated over time in the same cultures
could be compared. This experiment identified three genes
that markedly enhanced both clonogenic and mature cell
outputs from CP-CML cells over a 12-week period in vitro.
These were NA9, IK6, and c-MYC (Beer et al., 2015).
NA9 (NUP9SHOXA9) was of immediate interest because
HOXA9 was known to be associated with the progression
of CP-CML to blast phase (BP-CML), and it had been found
that a fatal AML is rapidly produced by primitive BCR-ABL*
hematopoietic mouse cells transduced with an NA9-encod-
ing vector (Mayotte et al., 2002). Interestingly, when we
then examined the effect of introducing NA9 into human
CD34* CP-CML cells, we found that this elicited features
of a more advanced disease phenotype than had been
achieved with the NAIOHD construct. NA9 produced a

rapid activation of a “stem cell signature,” some perturba-
tion of granulopoietic differentiation, and even delayed
mortality in some transplanted immunodeficient mice.
However, the more complete block of terminal myeloid dif-
ferentiation diagnostic of CML BP was not obtained with
NA9 (our unpublished data).

Transduction of CD34" CP-CML cells with IK6 (a domi-
nant-negative form of IKAROS) also produced features of
disease progression. However, in this case the alterations
seen were more closely associated with, and limited to, char-
acteristics of accelerated-phase disease (AP-CML); i.e., an
enhanced self-renewal of CML cells with in vivo repopulat-
ing activity (in transplanted mice) and their increased
output of clonogenic cells that produce eosinophils (Beer
et al., 2015). Interestingly, this finding prompted the
exciting discovery of its relevance to disease progression
in patients developing AP-CML. This came from a survey
of bone marrow biopsies taken from CML patients with
different stages of disease. An immunohistochemical anal-
ysis of these biopsies revealed that expression of IKAROS,
although prevalent in CP-CML cells (and in their normal
counterparts and most AML cells), generally disappears in
both AP-and BP-CML cells (Beer et al., 2015), albeit through
as yet unknown mechanisms. Since effects of suppressing
IKAROS in primitive normal human hematopoietic cells
were not then known, we also undertook similar experi-
ments using these as targets. These latter studies showed
that the IK6-mediated inhibition of IKAROS activity also
enhanced primitive normal human hematopoietic cell
self-renewal and modestly enhanced eosinophil outputs,
thus uncovering a previously unknown role of this tran-
scription factor as a negative regulator of normal stem cells
and eosinophil production (Beer et al., 2014).

A New Model Based on MYC Transformation of
Normal Human Hematopoietic Cells

The last of the three positive candidates identified in the
co-culture survey was c-MYC. As for IKAROS, there existed
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a wealth of data on the effects of altering MYC expression
in various cell lines, as well in many mouse tissues
including primitive hematopoietic cells (Bahr et al,
2018). However, there remains little information as to the
effects that altered MYC expression may have on primitive
normal human hematopoietic cells. Given the novel in-
sights obtained from analyzing the effect of IK6 in normal
hematopoietic cells (Beer et al., 2014), we decided to first
determine whether and how MYC overexpression in
normal human CD34" cord blood cells might alter their
subsequent growth and differentiation. The results of these
experiments were again unexpected. We soon found that
this single maneuver reproducibly enables primary normal
human CD34" hematopoietic cells at high frequencies to
generate a rapidly fatal (within 3-6 weeks) human growth
factor-dependent AML in transplanted immunodeficient
mice, and is subsequently serially transplantable (C.J.E.,
unpublished data). These preliminary findings now offer
a highly tractable new model for determining how a single
genetic alteration can trigger the biological and molecular
events in naive human cells that are sufficient to cause
their rapid production of a lethal leukemia in vivo.

Conclusions

This brief historical review highlights the importance of
understanding the process of normal tissue development
in making advances in disease management. It also under-
scores the importance of clonal tracking to quantify and
analyze critical properties, responses, and events in prim-
itive cell types that cannot be readily visualized directly
in situ and may also be quite rare. Furthermore, they illus-
trate the power of genetic manipulation to recreate dis-
ease features with ease and within time frames that are
readily amenable to further investigation. Finally, it is
clear that there is new excitement and a team spirit
among the scientific community globally to share new
ideas, methods, and information as rapidly as possible
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to accelerate progress in meeting the challenges still posed
by disease.
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