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EXTRAVIEWS
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Mxed lineage leukemia 1 (MLLI) is
a gene that is disrupted by chro-

mosomal translocation characteristically
in a large proportion of infant leukemia
and also in a fraction of childhood and
adult leukemia. MLLI encodes a chroma-
tin regulatory protein related to the Dro-
sophila Trithorax protein, a well-studied
epigenetic factor that functions during
development to maintain expression of its
target genes. Although tremendous prog-
ress has been made understanding the
downstream targets of MLLI fusion onco-
proteins and how manipulation of those
targets impacts leukemogenesis, very little
is known regarding how the initial expres-
sion of an MLLI fusion protein impacts
on that cell’s behavior, particularly how
the cell cycle is affected. Here, we focused
on the function of endogenous MLLI in
the stem and progenitor cell types that
are likely to be transformed upon MLLI
translocation. Our studies reveal a dif-
ferential response of stem or progenitor
populations to acute loss of MLL1 on
proliferation and survival. These data
suggest that the effects of MLLI fusion
oncoproteins will initiate the leukemo-
genic process differentially depending on
the differentiation state of the cell type in
which the translocation occurs.

Introduction

Regenerating tissues such as the hema-
topoietic system are characterized by
transient differentiation intermediates in
which limited self-renewal capacity cou-
pled to differentiation. More specifically,
the adult hematopoietic system is wired
in such a way as to provide: (1) a reserve
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pool of the self-renewing hematopoietic
stem cells (HSCs), (2) differentiated cell
types that are continuously generated in
the proper proportions during homeosta-
sis, and (3) adjustability to modulate the
final output in response to loss of a par-
ticular cell type without automatically
generating the entire repertoire of differ-
entiated cells. The mechanisms ensuring
the balanced output of differentiated cell
types undoubtedly involves the regulation
of proliferation, cell death, and cell fate;
however, the specific mechanisms remain
to be fully elucidated.

Leukemia represents a hematologic dis-
order in which the balance of self-renewal
and proliferation is disrupted. Leukemia
frequently results from chromosomal rear-
rangements that either produce hybrid
oncogenic transcriptional regulators, hap-
loinsufficiency, or loss of transcriptional
regulators that act as tumor suppressors."?
These genetic alterations likely remodel
the balance between self-renewal and pro-
liferation; thus to study how these pro-
cesses are affected in leukemia, we focused
on the functions of mixed lineage leuke-
mia 1 (MLLI) protein in hematopoietic
stem and progenitor cells. MLLI is dis-
rupted by chromosomal rearrangement in
acute leukemia, predominantly in young
children. Most MLLI
encode hybrid fusion oncoproteins that

rearrangements

have altered functions relative to the larger
endogenous MLL1 protein.>* Under-
standing the molecular mechanisms by
which MLL1 oncogenic fusion proteins
transform cells will be particularly insight-
ful, since this leukemia is characterized by
exceedingly few other genomic alterations,

in contrast to other cancers.’
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Our recent studies®” showed that
loss of MI/I using the inducible MxI-cre
transgene resulted in an increase in pro-
liferation within the most HSC-enriched
populations, and yet ultimately animals
died with anemia and overall pan-cyto-
penia of the bone marrow 2-3 wk after
MIl1 deletion. Further characterization
revealed that HSC-enriched populations
failed to remain in G and began a phase
of proliferation and differentiation appar-
ently without self-renewal. In contrast,
myelo-erythroid progenitors in the same
animals exhibited reduced proliferation.
Thus, we concluded that endogenous
MLLLI played a critical role in restraining
proliferation and promoting self-renewal
in HSCs, whereas it promoted prolifera-
tion in myelo-erythroid progenitors.°

A common finding across several
model systems is that MLLI fusion onco-
proteins act through a gain-of-function
mechanism, resulting in overexpression of
some endogenous MLLI target genes.’*
Given this gain-of-function activity, one
prediction incorporating our loss-of-func-
tion results described above is that MLL1
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fusion oncoproteins that arise within
HSCs would resultin enhanced quiescence
in this cell type, whereas production of the
same oncoprotein in myelo-erythroid cells
would result in increased proliferation. In
contrast to HSCs, myelo-erythroid pro-
genitors are already rapidly dividing, thus
the effect of MLL fusion oncoproteins
may be to simply lock-in a pre-existing
genetic/epigenetic proliferation program
and resist further differentiation. Experi-
ments demonstrating similarities and dis-
tinctions between leukemia arising from
HSCs vs. granulocyte-macrophage pro-
genitors (GMPs) have come to different
conclusions regarding the similarity of the
resulting leukemia;®*!° however, the imme-
diate consequence on proliferation was not
analyzed.

The prediction of enhanced quiescence
upon expression of MLL fusion oncopro-
teins in HSCs is counterintuitive, given
that the ultimate consequence of MLLI
fusion protein expression is leukemia.
However, one hypothesis to accommodate
this HSCs prediction is as follows: MLL1
fusion proteins initially induce enhanced
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Figure 1. Mll1-deficient LSK cells plated in methylcellulose produce smaller colonies. LSK cells were
sorted from pl:pC-treated animals of the genotype indicated as described in the “Materials and
Methods". (A) Representative colonies produced after 7 d growth on methylcellulose containing
myelo-erythroid supportive cytokines (M3434 GF). (B) Colony enumeration after 7 d growth, and
(€) total cell number from pooled duplicate plates, harvested from individual plates after scoring.
Bars represent averages + 95% Cl of cell yield per donor animal.
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quiescence when expressed in HSCs, but
stochastic events result in a few MLL
fusion protein-expressing HSCs escap-
ing quiescence via differentiation. Once
slightly differentiated, the MLLI fusion
oncoprotein encounters a distinct cellular
context that responds by increased and
sustained proliferation and ultimately,
leukemia. Interestingly, this hypothesis
also suggests that a pool of quiescent,
MLLLI fusion oncoprotein-expressing cells
may be maintained in G, thus contrib-
uting to a chemotherapy-resistant reser-
voir of cells for relapse. In this study, we
assessed the role of endogenous MLLLI in
regulating proliferation in HSCs vs. dif-
ferentiating progeny. We performed single
cell proliferation studies in defined cyto-
kine signaling environments, either those
that support HSC maintenance or those
supporting differentiation. Our results
demonstrate that the proliferation kinet-
ics of MIl/I-deficient HSCs respond to
the extracellular environment within 1-2
cell divisions, switching cells to condi-
tions that support differentiation results
in adopting the proliferation kinetics
observed in vivo for myelo-erythroid pro-
genitors. These data reveal the difference
in the wiring of the MLLI pathway as a
function of differentiation, and suggest
that MLL fusion oncoproteins will affect
these pathways in a distinct manner dur-
ing leukemogenesis.

Results and Discussion

Two observations prompted us to ana-
lyze further the effect of M/ loss as a
function of the cell’s differentiation state.
In vivo bromo-deoxy uridine (BrdU)
pulse-chase experiments demonstrated
that M//I-deficient lineage-negative/Sca-
1*/c-Kit* (LSK) cells proliferated more
rapidly than wild-type controls.® Yet when
these cells were purified from animals and
cultured in methylcellulose to support dif-
ferentiation, smaller colonies with fewer of
all differentiated cell types were observed
(Fig. 1). Thus, we hypothesized that the
culture conditions designed to support
myelo-erythroid progenitor differentia-
tion resulted in reduced proliferation as
cells differentiated, despite the fact that
they were initially proliferating more than
control LSK cells.®
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Figure 2. Mil1-deficient LSK/CD48"9 cells slow down upon growth in differentiation-supporting culture conditions. (A) Scheme for purifying control and
MIl1-deficient HSC-enriched cells. Cells were generated from MIl17F or Mx1-cre;MIIT7F animals injected with pl:pC, sorted 6 d later, then resorted as single
cells into wells; n = 4-5 donor animals per genotype. One-hundred-forty-two (MII17F) or 338 Mx1-cre;MII17F cells clones were observed. Percentages of
responding cells (cells that divided at least once) are shown at 24 h (B) 48 h (C), or 72 h (D). Cells that were categorized as dead included two groups:
those that were no longer refractile and exhibited signs of membrane blebbing or degradation, and cells that appeared refractile and large but failed to

To establish a system in which prolif-
eration, cell death, and cell fate could be
analyzed over time on a per-cell basis, we
modified the method of Uchida et al.!! In
this system, high stem cell factor (SCF) is
critical for the maintenance of HSC func-
tion as cells proliferate, determined by
single-well transplantation experiments.
Using these conditions, we tracked the pro-
liferation and survival of HSC-enriched
LSK/CD48"s cells from MI//I-deficient or
control wild-type bone marrow. We found
that M//I-deficient HSCs proliferated more
rapidly than their wild-type counterparts,’
consistent with our in vivo observations.®
To test whether altering the cytokine con-
ditions to those of the methylcellulose
cultures (Fig. 1) altered the proliferation
kinetics, we performed this single-cell
assay in the serum and cytokine concen-
trations found in M3434 growth factor
(GF) medium (Fig. 2A). We again sorted
LSK/CD48"s cells to start with the same
population as tested in HSC maintenance
conditions. As shown in Figure 2B, M//I-
deficient cells initially proliferate more
rapidly than their wild-type counterparts,
likely reflecting the HSC-enriched sorted
population. However, as cells divide, they

rapidly change behavior, such that by 72 h
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there is no longer a difference in the num-
ber of divisions achieved between wild-type
and Ml/I-deficient cells (Fig. 2C and D).
In the HSC maintenance conditions, we
found that as many M//I-deficient clones
survived and proliferated as the wild-type
control clones.” To examine overall sur-
vival in the differentiation-supporting
medium, we scored the number of clones
that ultimately divided vs. those that either
underwent cell death or simply stopped
dividing (see “Materials and Methods”).
In contrast to our findings in HSC main-
MilI-deficient

did not survive as well as their wild-type

tenance medium, cells
counterparts (Fig. 3). Together, these data
account for our observations of smaller col-
onies and fewer total cells upon growth in
methylcellulose (Fig. 1). Furthermore, this
single cell analysis demonstrates that after
1-2 cell divisions, MI/I-deficient LSK/
CD48™¢ cells adopt the reduced prolifera-
tion characteristic of M//I-deficient myelo-
erythroid progenitors in vivo.®

Together with the data shown in Art-
inger et al.,” we speculate that the loss of
M1 has a distinct impact on cell pro-
liferation, based on differentiation state
of the hematopoietic stem/progenitor.
Starting with the same cell population
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Figure 3. Overall response of wild-type (blue)
and Mill1-deficient (red) LSK/CD48™¢ cells in
differentiation medium. (A) Percentage of cells
that ultimately divided at least once during the
72 h observation period. (B) Percentage of cells
scored as dead/non-dividing during the obser-
vation period (see “Materials and Methods").

(LSK/CD48"¢) we observed that Ml/I-
deficient cells proliferate faster in defined
cytokine conditions that support HSC
identity and function, yet switching to
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growth medium that instead favors differ-
entiation is sufficient to reverse the prolif-
eration phenotype after 1-2 cell divisions.
These loss-of-function data serve to delin-
eate the role of endogenous MLLI in
HSCs and multi-potent progenitors, the
cell types in which MLLI translocations
likely occur. Moreover, these data pro-
vide a framework for understanding how
MLLLI fusion oncoproteins influence pro-
liferation behavior. Based on these studies,
we hypothesize that the effect of produc-
ing an MLLLI fusion oncoprotein in HSCs
vs. more differentiated progenitors may
result in inidally distinct proliferation
outcomes and potentially influence the
type of secondary alterations/mutations
that occur after the initial translocation.
For example, alterations that relieve quies-
cence in the HSC vs. mutations that affect
survival in the progenitor may be differen-
tially favored depending on the cell type
in which the translocation occurred. This
prediction must be tested explicitly, but
considering the heterogeneity in clinical
outcome in MLLIl-rearranged leukemia
and recent data illustrating the prognos-
tic value of the inferred cell-of-origin,”
this information may influence treatment
strategies.

Materials and Methods

Mice

M mice were described® and
were maintained on a C57BL/6.SJL
background (Ptpre”  Pep3’/Boy], stock
#002014, The Jackson Laboratory).
MIII deletion was achieved using 3-4
polyinosinic:polycytidylic acid  (pl:pC)
injections and the efficiency of gene dele-
tion was assessed by genomic PCR as
described.® Experimental protocols were
approved by the Institutional Animal
Care and Use Committee of Dartmouth
College.

Flow cytometry and cell sorting

Cells were stained on ice in Hank buff-
ered saline solution (HBSS, Mediatech)
plus 2% fetal bovine serum (FBS, Gibco
Life Technologies) and sorted using a FAC-
SAria (BD Biosciences) using the DartLab
core facilities as described.” Phenotypic
analyses were confirmed on a FACSCali-
bur (BD Biosciences), and data was ana-
lyzed using FlowJo software (TreeStar).
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The purity of sorted cells was >90% based
on post-sort analyses.

Single cell and semi-solid medium
culture

LSK/CD48¢ cells from pl:pC injected
control MIF'F or MxI-cre; MIF'F mice were
prepared and sorted as described” then re-
sorted at one cell per well into individual
wells of U-bottom 96-well plates (Nunc)
containing 100 pL of “differentiation
medium” (IMDM containing 20% FBS,
50 ng/mL SCF, 10 ng/mL IL-6, 10 ng/
mL IL-3, and 3 U/mL Epo). Cytokines
were obtained from R&D Systems, with
the exception of Epo (Procrit, kindly
provided by Dr Lowrey, Geisel School
of Medicine). After sorting, plates were
centrifuged briefly at 380 x g, incubated
at 37 °C in 5% CO, for 2 h then scored
for the presence of a single cell. The num-
ber of live or dead cells in each well was
then scored visually every 24 h to deter-
mine the number of cell divisions that had
occurred by that time. Three to four donor
animals were used per genotype and 142
(wild-type) or 388 (MilI-deficient) cells
were scored. The percentage of respond-
ing clones in Figure 3 corresponds to the
percentage of visually confirmed cells that
ultimately divide at least once during 72 h
of culture, and in Figure 2 is the percent-
age of those clones that have divided the
number indicated on the x-axis. For the
semi-solid cultures in Figure 1, LSK cells
were sorted from 3—4 individual pl:pC
injected MIF™ or MxI-cre; MIIPF mice and
5000 sorted cells were plated in duplicate
per donor animal on M3434 GF semi-
solid medium (StemCell Technologies) in
35 mm dishes. Seven days later, colonies
were scored and photographed on a Leica
MZ7.5 stereomicroscope fitted with a con-
sumer Cannon Powershot S3 IS camera.
Bars represent averages + 95% confidence
interval (CI).

Statistics

Error bars reflect 95% CI unless other-
wise indicated. P values in Figure 2 were
calculated using the Pearson chi-squared
test. Prism (Graphpad) and Excel (Micro-
soft) were used for graphs and statistical
calculations.
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