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Abstract
LeukemogenicpotentialofMLLfusionwith thecoiled-coildomain-containingpartnergenesandthedownstreamtargetgenesof
this type ofMLL fusion have not been clearly investigated. In this study, we demonstrated that the coiled-coil–four-helix bundle
structure of EB1 that participated in theMLL/EB1was required for immortalizingmouse bonemarrow (BM) cells and producing
myeloid, but not lymphoid, cell lines. Compared toMLL/AF10,MLL/EB1 had low leukemogenic ability. TheMLL/EB1 cells grew
more slowly owing to increased apoptosis in vitro and induced acute monocytic leukemia with an incomplete penetrance and
longer survival in vivo. A comparative analysis of transcriptomeprofilingbetweenMLL/EB1 andMLL/AF10 cell lines revealed that
therewas an at least two-fold difference in the induction of 318 genes; overall, 51.3% (163/318) of the geneswere known to be
boundbyMLL,while 15.4% (49/318)were boundby bothMLL andMLL/AF9. Analysis of the 318 genes usingGeneOntology–
PANTHER overrepresentation test revealed significant differences in several biological processes, including cell differentiation,
proliferation/programmed cell death, and cell homing/recruitment. The Ets1 gene, bound byMLL andMLL/AF9,was involved in
severalbiologicalprocesses.WedemonstratedthatEts1wasselectivelyupregulatedbyMLL/EB1.ShorthairpinRNAknockdown
of Ets1 in MLL/EB1 cells reduced the expression of CD115, apoptosis rate, competitive engraftment to BM and spleen, and
incidenceof leukemiaandprolongedthesurvivalof thediseasedmice.Our resultsdemonstratedthatMLL/EB1upregulatedEts1,
which controlled the balance of leukemia cells between apoptosis and BM engraftment/clonal expansion.
Novelty and impact of this study
The leukemogenic potential of MLL fusion with cytoplasmic proteins containing coiled-coil dimerization domains and the
downstream target genes of this type ofMLL fusion remain largely unknown. Using a retroviral transduction/transplantation
mouse model, we demonstrated that MLL fusion with the coiled-coil–four-helix bundle structure of EB1 has low
leukemogenic ability; Ets1, which is upregulated by MLL/EB1, plays a critical role in leukemic transformation by balance
between apoptosis and BM engraftment/clonal expansion.
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troduction
hromosomal rearrangements involving the MLL (recently renamed
MT2A, also called ALL1, HTRX1, and HRX) gene at 11q23 are
tected in patients with acute lymphoid and myeloid leukemias.1 In
neral,MLL rearrangements are predictive of a poor clinical outcome.2,3

o date, 135MLL rearrangements have been found in leukemia patients,
whom 94MLL partner genes have been identified.4 Half of theMLL
rtner genes encode nuclear proteins, and the rest encode cytoplasmic
oteins. Among the nuclear partner genes, AF4 (AFF1), AF9 (MLLT3),
L (MLLT1),AF10 (MLLT10), orELL accounts for ~80%of cases.4–7

ructural/functional studies revealed MLL fusion with the transcrip-
nal effector domains of the nuclear proteins involved the recruitment of
OT1L-containing complexes which epigenetically modify the MLL
rget genes and aberrantly sustain their expression.8 The most
ell-known MLL and MLL fusion target genes are 5′ HOXA
OXA7, HOXA9, HOXA10) and MEIS1. Evidence indicates that
erexpression of Hoxa9 and Meis1 induces leukemic transformation.9

ecently, Xu et al. (2016) performed chromatin immunoprecipitation
quencing analysis and identified 5233 MLL1- and 3140 MLL/
F9-binding genes, with 1369 joint targets including 5′Hoxa andMeis1
nes, in the mouseMLL/AF9 cells. They also demonstrated that MLL/
F9-binding sites are enriched for the sequences of embryonic or T-cell
anscription factors, whereas MLL1 is preferentially recruited to the
romatin regions that are enriched for the consensus sequences of ETS
mily transcription factors, including ETS1, PU.1, ERG, and ETV1.10

he transcription factors of ETS family are involved in stem cell
velopment, cell proliferation, survival, and tumorigenesis.11

Leukemic transformation induced byMLL fusion with the cytoplasmic
sion partners is less understood. Evidence shows that the coiled-coil
merization domain of AF1p (EPS15), GAS7, and gephyrin or the
lf-association domain of AF6 (MLLT4) was required for MLL
sion-mediated leukemia development.12–15 MLL/AF1p and MLL/
AS7 also activated homeobox genes13; however,Hoxa7 andHoxa9were
t required for the MLL/GAS7-induced leukemic transformation.16

hus, the downstream target genes that participate in such a type ofMLL
sion-induced leukemic transformation remain to be elucidated.
We previously identified a novel MLL fusion partner gene, EB1
APRE1), from a patient having de novo pro-B acute lymphoblastic

ukemia (ALL).17 MLL exhibits 36 exons (NM_005933.3) and EB1
hibits 7 exons (NM_012325.3). The resultantMLL/EB1 fusion protein
composed of MLL exons 1 to 8 (aa 1-1362) fused to EB1 exons 6 to 7
a 200-268). EB1 is a microtubule plus-end trafficking protein and is
volved in cytoskeleton and spindle formation.18 An examination of the
B1 crystal structure revealed a coiled-coil–four-helix bundle structure at
carboxy-terminal end, and the coiled-coil domain from amino acid [aa]
1 to aa 229 conferred a homo-dimerization activity.19,20 In this study,
e performed retroviral transduction/transplantation and structural/
nctional assays to investigate the leukemogenic potential ofMLL/EB1.
e also compared transcriptome profiling between the MLL/EB1 and
LL/AF10 cell lines as well as identified and investigated the role of the
s1 gene, which is selectively upregulated by MLL/EB1 during MLL/
B1-induced leukemic transformation.

aterials and Methods

lasmid Construction

Total RNA was prepared from patient leukemia cells using Trizol
agent (Gibco BRL, Gaithersburg, MD). Complementary DNA
DNA) was synthesized from the total RNA by reverse transcription
T) using oligo-dT and Superscript II reverse transcriptase (Life
echnologies, Rockville, MD). The gene fragments of truncated EB1
EB1, encoding aa 200-268 of EB1), truncated MLL (tMLL,
coding aa 1-1362 of MLL), MLL/EB1 (encoding aa 1-1362 of
LL and aa 200-268 of EB1),MLL/EB1ΔαBC (encoding aa 1-1362
MLL and aa 200-234 of EB1), and MLL/EB1ΔαA (encoding aa
1362 of MLL and aa 235-268 of EB1) (Figure 1, A and C) were
plified from a cDNA by performing polymerase chain reaction
CR) using the Expand Long Template PCR system (Roche Applied
ience, Mannheim, Germany). The amplified gene fragments were
oned into the EcoRI and XhoI sites of the retroviral vector
SCVneo (Clontech, Palo Alto, CA). Construction of pMSCVneo

rrying MLL/AF10(OM-LZ) has been described elsewhere. For
rforming the luciferase reporter assay, the promoter region of Ets1
ucleotide [nt] −703 to +293 around the transcription start site of
ts1 variant 1, NM_011808) (Supplementary Figure 1A) was
plified using PCR and cloned into the KpnI and BglII sites of
e luciferase vector pGL4.20 (Promega, Madison, WI) to generate
Ets1-luc. The promoter region of human HOXA7 (nt −1988 to +21
ound the transcription start site of HOXA7, NM_006896.3) was
CR-amplified and cloned into the KpnI and SacI sites of the
ciferase vector pGL2-basic (Promega) to generate PHOXA7-luc.
urthermore, the promoter regions of HOXA9 (nt −988 to −87 near
e transcription start site of HOXA9, NM_152739.3) and MEIS1
t −1430 to +453 around the transcription start site of MEIS1,
M_002398.2) were cloned into the XhoI and HindIII sites of
L2-basic to generate PHOXA9-luc and PMEIS1-luc, respectively.

he fidelity of the cloned gene fragments was confirmed by DNA
quencing.

Vitro Retroviral Transduction/Replating and In Vivo
eukemogenesis Assays
The retroviral production, retroviral transduction of murine BM
lls, and intraperitoneal (ip) injection of immortalized BM cell lines
to mice were performed as described previously21 with some
odifications. The titer of virus was determined using NIH3T3 cells,
d the viral titer of MLL/EB1 was around 2 × 105/ml. Briefly, the
M cells were prepared from C57BL/6J-Tg(Pgk1-EGFP) 03N male
ice (GFP-B6, National Laboratory Animal Center, Taiwan) or
57BL/6J (B6) male mice 5 days after injecting them with
florouracil (5-FU; 150 μg/g). BM cells were transduced with
troviruses at an MOI of 1 and selected by replating four times in a
ethylcellulose medium (M3231, Stem Cell Technologies, Vancou-
r, BC, Canada) containing lymphoid differentiation-inducing
tokines [20 ng/ml stem cell factor (SCF), 10 ng/ml interleukin 3
L3), 10 ng/ml IL7, and 100 ng/ml flt3 ligand] or containing
yeloid differentiation-inducing cytokines [20 ng/ml SCF and
ng/ml each of IL3, IL6, and granulocyte-monocyte colony

imulating factor (GM-CSF)]. Cells pooled from the colonies
own during the fourth round of plating were adapted to liquid
lture [1× RPMI medium containing IL3 (10 ng/ml)]. To
termine in vivo leukemogenic potential, 1 × 106 immortalized
lls or 1.5 × 105-3 × 105 MLL fusion-transduced BM cells were ip
jected into sublethally irradiated (a dose of 5.25 Gy total-body
-irradiation) male B6 mice. To monitor leukemia development,
ripheral blood (PB) was collected from the transplanted mice every
eek for complete blood count (CBC) analysis using a hemocytom-
er (Hemavet 950, Drew Scientific, Oxford, CT).
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henotypic Analyses
The hematological lineage of mouse BM cells and immortalized
ll lines was determined using flow cytometry (FACS-Calibur or
antoII, Becton-Dickinson, Mountain View, CA), which employed
ycoerythrin (PE)-Mac1, PE-CD115, PE-CD19, PE-B220,
E-Cy7-c-kit, allophycocyanin (APC)-Sca1, APC-CD3,
PC-CD14 (eBioscience, San Diego, CA), and APC-Ly6G (Miltenyi
iotec, Auburn, CA, USA). The liver, spleen, and lymph node
llected from the moribund mice were fixed in buffered formalin,
bedded in paraffin, sectioned, and stained with hematoxylin and
sin (H&E) using the standard technique. Stamp specimens of the
ssues, PB smears, and BM cytospin preparations were stained with
iu reagents (Handsel Technologies, Taipei, Taiwan).

ell Growth and Apoptosis Analyses
Cell proliferation was evaluated by counting cell numbers every day
by performing WST assay (BioVision, Mountain View, CA). For
ll apoptosis analysis, cells were stained with Pacific Blue-conjugated
nnexin V (Biolegend, San Diego, CA) and propidium iodide
nnexin V apoptosis detection kit, BD Pharmingen, San Diego, CA)
cording to the manufacturer's instruction. The stained cells were
alyzed immediately using a flow cytometer (FACS-Calibur;
ecton-Dickinson).

uciferase Reporter Assay
32Dcl3 cells, a murine myeloid leukemia cell line, were transfected
ith pMSCVneo-expressing plasmid [empty vector, tEB1 (for
meobox genes only), tMLL, MLL/EB1 or MLL/AF10] and
omoter-luciferase vector (pEts1-luc, pHOXA7-luc, pHOXA9-luc,
pMEIS1-luc) using LT1 liposome (Mirus, Madison, WI). pRL-TK
romega) was used as an internal control (for homeobox genes only).
ells were harvested at 24 hours after transduction, and luciferase
tivity was determined using the dual-luciferase assay kit (Promega)
d a luminometer (GLOMA X 20/20, Promega).

icroarray Analysis and Gene Ontology–PANTHER Enrich-
ent Analysis
The total RNA of the cells was amplified, labeled, and hybridized
the mouse genome 430 2.0 Array chips (Affymetrix, Santa Clara,
A) by following the manufacturer's instructions (this procedure was
rformed by the staff of the Genomic Medicine Research Core
aboratory at Chang Gung Memorial Hospital, Linkou, Taiwan).
icroarray data are available at NCBI GEO website (accession
mber: GSE82156). Differentially expressed genes with a fold
ange of at least two-fold between MLL/EB1 and MLL/AF10 cell
es were classified into functional groups of biological process using
online Gene Ontology (GO) enrichment analysis–PANTHER

assification system (GO database released 2018-09-06) (http://
neontology.org/page/go-enrichment-analysis). Statistical signifi-
nce was evaluated using the Fisher's exact test and corrected by
onferroni correction for multiple testing. The biological process
tegories of GO having P values of b.05 were considered to be
atistically significant.

T-PCR and Quantitative RT-PCR (RT-qPCR) Analyses
To determine the gene expression level, quantitative PCRs were
rformed in triplicate using SYBR Green PCR mastermix and
alyzed using the ABI Prism 7500 system (Applied Biosystems,
ster City, CA). Primer sets used in PCR were 5′-ATC CAG CTG
GG CAG TTT CTT and 5′-CAC GGC TCA GTT TCT CAT
AT for Ets1, 5′-CTG AGT CAG AAG CCC TTC GAC and
-CCC AGA CCA AAG GCT GTA GCC for CD115, 5′-CTG
AG GGG GCC TGT ATG TG and 5′-CAT TCT TCG ATT
TG TCT GC for Cybb, 5′-CCC ACA GGC AGC ACA GTG
AC and 5′-GGA GGC CGA GGA GGA CCA GG for CD68, and
-TTC ACC ACC ATG GAG AAG GC and 5′-GGC ATG GAC
GT GGT CAT GA for Gapdh. Gene expression was normalized by
lculating the difference between threshold cycle numbers of Gapdh
d target genes (ΔCt) for each sample. The difference in gene
pression level relative to control cells was obtained by calculating
e difference between ΔCt of the control and target cell lines (Δ
Ct). Fold change was calculated as 2−ΔΔCt.
To detect which Ets1 transcription variant was expressed in the cell
es, RT-PCR was performed using the following primer sets:
-CGG ACT GGC TGG GCG CGC AC and 5′-GGA GTT AAC
GC GGG ACA TCT for variants 1 and 2 and 5′-ACC CGT CTC
GC AGC AAA TTA and 5′-GGA GTT AAC AGC GGG ACA
CT for variant X1.

ene Knockdown by shRNA
Lentivirus vector (pLKO_TRC025) and lentivirus that expressed
RNA against mouse Ets1 (TRCN0000042639 and
RCN0000042642) were obtained from the National RNAi Core
cility Platform (Institute of Molecular Biology/Genomic Research
enter, Academia Sinica, Taiwan). Cells were infected with lentivirus
the presence of polybrene (4 μg/ml) for 3 hours; the medium was
en replaced with fresh RPMI complete medium, and the cells were
ltured for another 24 hours. The infected cells were selected by
ding puromycin (2 μg/ml) over a total of 2 weeks. Gene
ockdown efficiency in the infected cells was evaluated using
T-qPCR, Western blot, and immunofluorescence labeling.

munofluorescence Labeling and Western Blot Analyses
Cytospin preparations of leukemia cells were fixed, permeabilized,
d incubated with rabbit polyclonal anti-Ets1 antibody (Santa Cruz
iotechnology, CA); subsequently, the preparations were incubated
ith FITC-conjugated affinity purified goat anti-rabbit IgG (Jackson
muno Research, West Grove, PA) and stained with 4′,6-diami-
no-2-phenylindole (DAPI). The slides were viewed under a
orescence microscope BX61 (Olympus, Melville, NY). Western
ot analysis was performed as described previously.22 The primary
tibody against mouse β-actin was obtained from Sigma (St Louis,
O). The secondary antibodies, namely, horseradish peroxidase–
njugated anti-mouse IgG and anti-rabbit IgG, were obtained from
ckson Immuno Research Laboratories (West Grove, PA).

Vivo Competitive Engraftment/Clonal Expansion Assay
To generate a standard curve of cell ratio vs. peak height ratio,
E2G-shEts1 cells and ME2G-shV cells were mixed in ratios of
:0, 8:2, 6:4, 4:6, 2:8, and 0:10. Genomic DNAs prepared from the
ll mixtures were used to amplify the shRNA region via nested PCR.
he first round of PCR was performed using the primer set 5′-ACA
AA TAC GTG ACG TAG and 5′-CTG TTG CTA TTA TGT
TA C, whereas the second round of PCR was performed using the
imer set 5′-TGG ACT ATC ATA TGC TTA CCG and 5′-CTG
TG CTA TTA TGT CTA C. The PCR products were sequenced
ing the PCR primer 5′-CTG TTG CTA TTA TGT CTA C, and
e peak height of the 99th nucleotide (T for ME2G-shEts1 and G

http://geneontology.org/page/go-enrichment-analysis
http://geneontology.org/page/go-enrichment-analysis
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Image of Figure 1
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Table 1. Summary of the Phenotypic Features of Mice Transplanted with MLL/EB1 and Ets1-Knockdown MLL/EB1 Cell Lines

Cell Line ME1 ME2G ME2G-shV ME2G-shEts1

Mouse number 10 14 10 10
Sick mouse number (%) 7 (70%) 13 (93%) 9 (90%) 4 (40%)
Median survival (range) days 260 (116-393) 155 (104-206) 99 (85-120) 264 (213-265)
Median BM blasts/immature form (range) 43.3% (8.4%-49.3%) 82.3% (68.9%-95.3%) N90% N90%
Median WBC (range) × 103/μl 14.6 (7.2-52.2) 81.5 (33.9-161.5) 67.0 (30.5-118.9) 4.4 (1.2-6.3)
Anemia (%) 4/7 (57.1%) 7/13 (53.8%) 2/7 (28.6%) 2/3 (66.7%)
Thrombocytopenia (%) 6/7 (85.7%) 10/13 (76.9%) 4/7 (57.1%) 2/3 (66.7%)
Hepatosplenomegaly (%) 7/7 (100%) 13/13 (100%) 9/9 (100%) 4/4 (100%)
Enlarged lymph node (%) 3/7 (42.9%) 10/13 (76.9%) 9/9 (100%) 4/4 (100%)
Ascites (%) 3/7 (42.9%) 1/13 (7.7%) 1/9 (11.1%) 0/4 (0%)
Diagnosis AMoL (M5b-like) AMoL (M5a-like) AMoL (M5a-like) AML
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r ME2G-shV; Supplementary Figure 3A) was measured. The
lationship between cell ratio (ME2G-shEts1/ ME2G-shEts1+
E2G-shV) and nucleotide peak height ratio (T/T + G) was used
generate the standard curve (Supplementary Figure 3B). In vivo
mpetitive engraftment/clonal expansion assays were performed as
scribed previously.23 The mice were sacrificed at 2, 4, 6, 8, and
weeks after transplantation (3 mice for each time point). Genomic

NAs were extracted from the initial cell mixture or mice BM and
lenic cells, and subsequently nested PCR-DNA sequencing was
e r f o r m e d . T h e c e l l r a t i o s o f ME 2G - s h E t s 1 /
E2G-shEts1 + ME2G-shV in the samples were determined by
igning T/T + G peak height ratio to the standard curve.

thical Requirements
All animal experiments were approved by the Animal Research
ommittee of Chang Gung Memorial Hospital and performed in
cordance with its guidelines.

atistical Analyses
Survival analyses were conducted according to the Kaplan-Meier
ethod. Differences in survival were assessed using the log-rank test.
ene expression level was examined via the paired Student's t test.
values of b.05 were considered to be statistically significant.

esults

LL/EB1Expression ImmortalizesMouse BMcells in theMedium
pplemented with Myeloid Differentiation-Inducing Cytokines

To determine the transformation capacity of MLL/EB1, we
ansduced 5-FU–treated BM cells with MSCV carrying tMLL,
gure 1. Establishment and characterization of the MLL/EB1-immorta
LL), truncated EB1 (tEB1), MLL/EB1, and MLL/AF10(OM-LZ) fusion
C, partial coiled coil domain; FHB, four-helix bundle; OM, octapeptide
ch protein. (B) Transduction efficiency of the blank retrovirus (Vect
F10(OM-LZ) in two independent experiments using B6 (i) or B6-GFP
× 104 transduced murine BM cells. MLL/AF10(OM-LZ) was used as a
es generated by adaptation of the cells, which were pooled from the
F10(OM-LZ)-immortalized cell line (iii). (C) Schematic representation o
mology domain; CC, coiled coil domain; FHB, four-helix bundle; αA, α
the retroviruses expressing truncated and fusion genes. The bars ind
lls. (E) Liu staining of the MLL/EB1-immortalized cell lines cultur
munophenotypic analysis of the MLL/EB1-immortalized cell lines [up
LL/EB1-immortalized cell lines (ME1 and ME2G) and MLL/AF10(OM-L
ow cytometry analysis of live and apoptotic cells by staining with An
B1, MLL/EB1, or MLL/AF10(OM-LZ) (Figure 1A) and subse-
ently evaluated colony-forming capacity (CFC) via a serial
plating assay. Our results of three independent experiments showed
at BM cells transduced with MLL/EB1, tEB1, tMLL, or MLL/
F10(OM-LZ) were unable to form colonies when plated for the
cond time in the methylcellulose medium supplemented with
mphoid differentiation-inducing cytokines (IL3, IL7, Flt3 ligand).
n the contrary, in the medium containing myeloid
fferentiation-inducing cytokines (IL3, IL6, SCF, and GM-CSF),
LL/EB1- and MLL/AF10(OM-LZ)-transduced BM cells formed
lonies all four rounds of plating in two independent experiments,
hereas tMLL- and tEB1-transduced BM cells did not show any
oliferation potential in the second round of plating (Figure 1, B-i
d ii). The MLL/EB1-transduced BM cells had a lower CFC than
at ofMLL/AF10(OM-LZ)-transduced BM cells at rounds three and
ur of plating (Figure 1B).
The carboxy-terminal end of EB1 consists of the three α-helices, αA
a 190-230), αB (aa 238-248), and αC (aa 251-254) (Figure 1C). The
A and αB helices form a coiled coil (CC)–four-helix bundle (FHB)
ructure (Figure 1C), which mediates EB1 homo-dimerization.20 To
vestigate whether both CC (aa 200-230) and FHB were required for
LL/EB1-mediated BM cell transformation, the two constructs
A-deleted MLL/EB1 (MLL/EB1ΔαA) and αB-αC-deleted MLL/EB1
LL/EB1ΔαBC) were generated (Figure 1C). Data of retroviral

ansduction/replating assay showed that the BM cells transduced with
th types of deletion constructs ran out of proliferation potential in the
cond round of plating (Figure 1D), suggesting that both CC and FHB
e required forMLL/EB1-induced cell transformation.
Two cell lines,ME1 andME2G,were generated from the independent
troviral transduction/replating assays (Figure 1E). Both ME1 and
E2G cells showed a blastic morphology with a high
lized cell lines. (A) Schematic representations of truncated MLL
proteins. AT-H, AT hooks; MT, DNA methyltransferase domain;
motif; LZ, leucine zipper. The numbers indicate the amino acid of
or) or retroviruses expressing tMLL, tEB1, MLL/EB1, and MLL/
mice BM cells (ii). The bars indicate the colonies generated per
positive control. ME1 andME2GwereMLL/EB1-immortalized cell
fourth round of plating, to liquid culture (iii). 12G was the MLL/
f EB1, MLL/EB1, MLL/EB1 αBC, and MLL/EB1 αA. CH, calponin
B, and αC, the three α-helices of EB1. (D) Transduction efficiency
icate the colonies generated per 1 × 104 transduced mouse BM
ed in the medium containing IL3 (oil immersion, ×1000). (F)
per panel (ME1), lower panel (ME2G)]. (G) Growth curve of the
Z)-immortalized cell line (12G) in the medium containing IL3. (H)
nexin V and propidium iodide (PI).
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Figure 2. Characteristics of the leukemia mice transplanted with theMLL/EB1-immortalized cell lines. (A) Survival curves of the sublethally
irradiated mice which were ip injected with ME1 or ME2G cells. Mice injected with 12G cells were used as the positive control (data has
been shown in ref. 21). (B) Liu staining of PB smears or cytospin preparations of BM cells from the representative leukemic mice (oil
immersion, ×1000). (C-E) Flow cytometric analysis of hematopoietic subsets in the BM cells of control mouse (C), representative (D) ME1-
and (E) ME2G-leukemic mice. (F) Histological sections of the liver and spleen of the representative leukemic mice (H&E staining, ×100).
(G) Stamp smears of the liver and spleen of the representative leukemic mice (Liu staining, oil immersion, ×1000).
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cleus-to-cytoplasm ratio in the medium containing IL3 (Figure 1E).
munophenotypic analysis of ME1 and ME2G cells revealed the
llowing expression patterns for both cell types: c-kit hematopoietic
ogenitor cell marker expression without Sca1 hematopoietic stem cell
arker expression (Figure 1, F-i); dim CD3 T cell marker expression
ithout CD19 B lymphocyte marker expression (Figure 1, F-ii); Mac1
yeloid lineage marker expression without Ly6G granulocyte marker
pression (Figure 1, F-iii); and CD14 monocytic marker expression,
ith only 17.7% of the ME1 cells expressing monocytic lineage marker
D115 (Figure 1, F-iv); this observation indicated that MLL/EB1
ediated the immortalization of mouse BM cells along the monocytic
eage.
Compared with 12G cells, MLL/AF10(OM-LZ)-immortalized
lls, ME1, and ME2G cells had lower growth rates in the
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3-containing medium (Figure 1G). The high percentages of cells in
e early and late apoptotic stages [32.2% and 31.4% (ME1) and
1% and 40.5% (ME2G) vs. 6.2% and 0.2% (12G)] (Figure 1H)
dicated that MLL/EB1 had a higher potential to induce apoptosis
an MLL/AF10(OM-LZ).

LL/EB1 Induced Acute Monocytic Leukemia with Low
enetrance and Longer Survival
To assess the in vivo leukemogenic potential of MLL/EB1, 5-FU–
eated BM cells were retrovirally transduced withMLL/EB1 orMLL/
F10(OM-LZ), followed by a direct ip injection of the cells into B6
ice. The mouse injected with the MLL/AF10(OM-LZ)-transduced
M cells developed MPN-like myeloid leukemia within 12 weeks,
hereas none of the mice injected with the MLL/EB1-transduced
M cells developed leukemia [a total of 7 mice, 2 were injected with a
se of 1.5 × 105 BM cells/mouse (observation time 54 weeks) and 5
ere injected with a dose of 3 × 105 BM cells/mouse (observation
me 2 years)]. These results suggested that MLL/EB1 had a lower
ukemogenic potential than MLL/AF10(OM-LZ).
We subsequently assessed the leukemogenic potential of ME1,
E2G, and control (12G) cell lines. Seven of the 10 (70%) mice
jected with ME1 cells and 13 of the 14 (93%) mice injected with
E2G cells developed leukemia (Table 1 and Figure 2A). Leukemic
E1 and ME2G mice had significantly longer median survivals than
e leukemic 12G mice [260 (range 116-393) days and 155 (range
4-206) days vs. 50 days21] (12G vs. ME1 P b .005; 12G vs.
E2G P b .0001; ME1 vs. ME2G P b .05) (Figure 2A). Most of
e leukemic mice showed hyperleukocytosis, but ME1 mice had a
wer median white blood cell (WBC) count than the ME2G mice
4.6 × 103/μl vs. 81.5 × 103/μl) before moribund (Table 1). The
me from the appearance of leukocytosis in PB to moribund was
ually b3 weeks. ME1 and ME2G mice had 43.3% and 82.3%
mature forms/blasts in BM, respectively (Table 1 and Figure 2B).
munophenotypic analysis of the mouse BM cells revealed lower
vels of CD19+ /B220+ B-lymphocytes and Ly6G+ granulocytes in
E1 and ME2G mice than those in control mice, indicating
ppression of B-cell lymphopoiesis and granulopoiesis of the
cipient BM by ME1/ME2G cells (Figure 2, C-E). The leukemic
lls of ME1 mice expressed brilliant Mac1 and CD14, which were
oderately expressed in ME2G mice (Figure 2,D-E). The cytological
d immunophenotypic findings showed that the leukemic cells of
E1 and ME2G mice had varied levels of monocytic maturation.
oth ME1 and ME2G mice developed anemia (57.1% vs. 53.8%)
d thrombocytopenia (85.7% vs. 76.9%) at similar rates (Table 1).
ll of the leukemic ME1 and ME2G mice had hepatosplenomegaly
able 1). Compared with the ME2G mice, ME1 mice had a lower
equency of enlarged lymph nodes but a higher frequency of ascites
able 1). Pathological examination showed that the periportal region
the liver was infiltrated with leukemia cells; the architecture of the
d and white pulps of the spleen was disrupted by leukemia cells
igure 2F). Liu-staining of the stamp smears showed that both the
er and spleen were infiltrated with leukemic blasts (Figure 2G).
ccording to the Bethesda proposals for the classification of murine
nlymphoid hematopoietic neoplasms,24 MLL/EB1 induced acute
onocytic leukemia (AMoL), namely, M5b-like for ME1 mice and
5a-like for ME2G mice.

LL/EB1 Cells Had Higher Ets1 Expression Level
ap
The leukemic transformation induced by MLL/EB1 was different
om that induced by MLL/AF10(OM-LZ). To identify MLL/
B1-specific downstream target gene(s) involved in leukemic transfor-
ation, we compared the transcriptome between 12G andME1/ME2G
ll lines on the basis of cDNA microarray data. Sixty-four upregulated
2-fold) and 254 downregulated (≤0.5-fold) genes were identified in
th ME1 and ME2G as opposed to the 12G cells (Figure 3A). Among
ese 318 differentially expressed genes, 163 genes (49 upregulated and
4 downregulated) have been reported to beMLL-bound genes, and 49
3 upregulated and 36 downregulated) were joint targets of MLL1 and
LL/AF910 (Figure 3A). The GO biological process terms that were
errepresented in the 318 genes included several terms related to cell
oliferation/apoptosis, namely, “negative regulation of cell proliferation
O:0008285),” “regulation of programmed cell death (GO:0043067)”;
ll differentiation, namely, “regulation of leukocyte differentiation
O:1902105),” “positive regulation of cell differentiation
O:0045597),” “cell differentiation (GO:0030154)”; cell homing/
graftment, namely, “positive regulation of cell migration
O:0030335),” “positive regulation of cell adhesion (GO:0045785),”
hemotaxis (GO:0006953)”; and inflammatory response, namely,
egulation of inflammatory response (GO:0050727),” “inflammatory
sponse (GO:0006954),” “immune system process (GO:0002376)”
igure 3B). The enrichment in these biological processes is consistent
ith the observations that ME1/ME2G and 12G cells were different in
rms of their leukemogenic potential as well as cell differentiation and
oliferation ability.
Among the 64 upregulated genes, Ets1, which is bound by MLL1
d MLL/AF9, was seen to be involved in the GO biological
ocesses of inflammatory/immune system, cell migration/adhesion,
fferentiation, and programmed cell death (Figure 3B). The
T-qPCR and Western blot analyses confirmed that Ets1 expression
vel was higher in ME1/ME2G than in 12G cells (Figure 3, C-i and
. Immunofluorescence labeling illustrated the presence of more
clear Ets1 protein in ME1/ME2G cells than in 12G cells (Figs.
). To determine whether the high expression level of Ets1 was
duced by MLL/EB1 fusion, we performed luciferase reporter assay.
ranscription of Ets1 is controlled by two promoters (Supplementary
gure 1A). The proximal promoter generates Ets1 variants 1 and 2,
hereas the distal promoter generates variant X1. RT-PCR analysis
vealed that the variant X1 was not expressed in our leukemic cell
es (Supplementary Figure 1B). Therefore, only a region that spans
e transcription start site of variant 1/2 (nt −703 to +293)
upplementary Figure 1A) was cloned into a luciferase reporter
asmid. Our results showed that the Ets1 promoter-driven luciferase
tivity was upregulated by MLL/EB1 but not by MLL/
F10(OM-LZ) or tMLL (Figure 3E and supplementary Figs. 1,
-E), suggesting that Ets1 was selectively upregulated by MLL/EB1.
The 318 differentially expressed genes did not include 5′ Hoxa
oxa7, Hoxa9, Hoxa10) and Meis1 (Figure 3A). We performed
ciferase reporter assays and demonstrated that HOXA7, HOXA9,
d MEIS1 promoter-driven luciferase activities were upregulated by
th MLL/EB1 and MLL/AF10(OM-LZ) (Supplementary Figs. 2,
-C), indicating that MLL/EB1, like MLL/AF10 and other MLL
sions, activated 5′ HOXA and MEIS1 genes.

nockdown of Ets1 Expression Reduced Cell Monocytic
ifferentiation and Apoptosis
To investigate the role of Ets1 in the monocytic differentiation and
optosis of MLL/EB1 cells, we transduced two lentivirus-based
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RNAs against Ets1 into ME1 and ME2G cells to generate Ets1--
ockdown cell lines. RT-qPCR analysis showed that, as opposed to
e cells transduced with empty lentiviruses, Ets1 expression levels were
duced to 29% (ME1-shEts1) and 23% (ME2G-shEts1) owing to
ansduction with shRNA TRCN0000042639 (Figure 4, A-i). The
cond shRNA clone TRCN0000042642 failed to generate Ets1--
ockdown cell lines. Because of the low penetrance of leukemia (please
e below), we did not further analyze ME1-shEts1 cells. Reduction of
ts1 protein level in ME2G-shEts1 cells was confirmed by Western blot
alysis (Figure 4, A-ii). Immunofluorescence labeling further confirmed
at the level of Ets1 protein was substantially decreased in the nuclei of
E2G-shEts1 cells (Figure 4B). Both ME2G-shV and ME2G-shEts1
lls had a blastic morphology; however, ME2G-shEts1 cells were
larged (Figure 4C). ME2G-shEts1 cells showed high forward and side
ht scatters, consistent with their large size (Figure 4, D-i). The
pression of the hematopoietic lineage markers, including Sca1, c-Kit,
D19, CD3, Mac1, Ly6G, and CD14, in ME2G-shV and
E2G-shEts1 cell lines remained the same as that in their parental
E2G cells (Figures 4D and 1D). However, ME2G-shEts1 cells had
creased expression of the monocytic lineage marker CD115 (Figure 4,
-v), as confirmed by RT-qPCR analysis (Figure 4E). Moreover, the
pression levels of mature monocytic markersCybb and CD68 were also
creased in ME2G-shEts1 cells (Figure 4E). M-CSF treatment induced
e generation of macrophage-like cells from ME2G-shV but not
E2G-shEts1 cells, which continued to have a blastic morphology
igure 4F). These results indicated that knockdown ofEts1 expression in
LL/EB1 cells reduced monocytic differentiation and blocked M-CSF–
duced macrophage development.
ME2G-shEts1 cells had a higher growth rate (Figure 4G) and a
wer percentage of cells at the late apoptotic stage (33.8% vs. 40.9%)
an ME2G-shV cells (Figure 4H), indicating that knockdown of
ts1 expression reduces the frequency of MLL/EB1 cell apoptosis.

nockdown of Ets1 Expression in MLL/EB1 Cells Impaired
ell Engraftment to BM/Spleen and Leukemia Development
To investigate the role of Ets1 in MLL/EB1-mediated leukemia
velopment, we first compared the in vivo competitive engraftment/
onal expansion activity between ME2G-shEts1 and ME2G-shV
lls. By aligning with the standard curve for cell ratio vs. allele burden
upplementary Fig. 3, A and B), we showed that ME2G-shEts1 cells
ere poorly engrafted/expanded in the BM and spleen of the recipient
ice because the shRNA region of none of the ME2G-shEts1 cells
as amplified from the samples collected at 2, 4, 6, 8, and 10 weeks
ter transplantation (Figure 5, A-B and Supplementary Figure 3C).
hese results indicated that knockdown of Ets1 expression severely
gure 3. Ets1 is overexpressed inMLL/EB1 cell lines. (A) Heat-map and
ofiling of MLL/EB1 cell lines (ME1 and ME2G) in comparison with the
d heat-map was obtained using Cluster 3.0 and TreeView1.1.6r4. R
edian. Red indicates that the level of gene expression is higher than
edian. The known MLL1-bound genes are indicated in bold type; g
derlined. (B) Enriched biological process Gene Ontology (GO) terms
e bar plot show significant enrichment (P b .05). Fold enrichment refer
e random expression of all genes in the human genome. Bars indica
wnregulated genes, respectively. The GO biological processes involv
) analyses of Ets1 expression level in 12G, ME1, and ME2G cells
munofluorescence staining of 12G, ME1, and ME2G cells with Ets1 (
ages were shown in the right column. (E) Luciferase reporter analy
nstruct, PEts1-luc, and retrovirus empty vector or vector-carrying tML
presentative result from four individual assays. Error bars represent S
paired in vivo engraftment activity of MLL/EB1 cells despite
ducing the frequency of cell apoptosis.
We also performed a BM transplantation assay to determine the
ukemogenesis of Ets1-knockdown MLL/EB1 cells. None of the six
ice injected with ME1-shEts1 cells developed AML, whereas one of
e six mice injected with ME1-shV developed AML before the
periment ended (335 days). On the other hand, only 4/10 (40%)
ice injected with ME2G-shEts1 cells developed AML, whereas 9/10
0%) mice transplanted with ME2G-shV cells developed AMoL
able 1 and Figure 5C). The median survival of the leukemic
E2G-shEts1 mice was significantly longer than leukemic
E2G-shV mice (264 days vs. 99 days, P b .01) (Table 1). The
of ME2G-shV mice at moribund stage showed hyperleukocytosis

ith a median WBC count (comprising lymphocytes and leukemia
asts) of 67.0 × 103/μl, whereas the leukemic ME2G-shEts1 mice
owed pancytopenia or a normal WBC count, with a median WBC
unt (exclusively comprising lymphocytes) of 4.4 × 103/μl (Figure
upper panel and Table 1). At moribund stage, N90% of the BM

lls from ME2G-shV and ME2G-shEts1 mice were immature
rms/blasts (Table 1), but ME2G-shEts1 mice had a larger size of
ast cells with a minimal CD115 expression rate (Figure 5D, E-i and
-v). Both ME2G-shV and ME2G-shEts1 mice showed a rare
currence of CD19+ B lymphocytes and Ly6G+ granulocytes
igure 5, E-iii and iv), indicating that Ets1-knockdown ME2G cells
tain the ability to suppress recipient B-cell lymphopoiesis and
anulopoiesis in vivo. Compared with leukemic ME2G-shV mice,
ukemic ME2G-shEts1 mice had a higher incidence rate of anemia
6.7% vs. 28.6%) but a similar rate of thromobocytopenia (66.7%
. 57.1%); however, both mice had the same degree of
patosplenomegaly (100% vs. 100%) and lymph node enlargement
00% vs. 100%) (Table 1). One of the ME2G-shV mice had ascites
1.1% vs. 0%) (Table 1). Taken together, our results demonstrated
at the knockdown of Ets1 expression reduced MLL/EB1-induced
ukemia development and prolonged the survival of leukemic mice
vivo.

iscussion
evious studies have revealed that the carboxy-terminal end of EB1
ntained a coiled-coil–four-helix bundle structure that conferred
merization activity.19,20 In this study, we demonstrated that MLL
sion between both the coiled-coil and four-helix bundle structure is
quired for facilitating the immortalization of murine BM cells. Our
sults further supported that the N-terminal MLL fused to the
iled-coil dimerization domain is leukemogenic.12,13 However,
hile MLL/AF10-transduced BM cells (1.5 × 105 /mouse) induced
list of the 318 genes differentially expressed in the transcriptome
MLL/AF10 cell line (12G). Hierarchical clustering was performed
aw values were log2-transformed and centered relative to the
the median, and green indicates that the level is lower than the
enes that were jointly bound to both MLL1 and MLL/AF9 are
for the 318 differentially expressed genes. All GO terms listed on
s to the number of genes represented in each category relative to
te gene counts; blue and red bars indicate the upregulated and
ing Ets1 gene are indicated by *. (C) RT-qPCR (i) and Western blot
. Error bars indicate the standard deviation (SD) of mean. (D)
green, left column) and DAPI (blue, middle column). The merged
sis. 32Dcl3 cells were transduced with Ets1 promoter-reporter
L, MLL/EB1, or MLL/AF10(OM-LZ) plasmid DNA. Graph shows a
D.
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PN-like myeloid leukemia in the recipient mice, MLL/EB1-trans-
ced BM cells (1.5 × 105-3 × 105 BM cells/mouse) failed to induce
ukemia. The retroviral transduction/replating assay also showed
wer CFC of MLL/EB1-transduced cells than that of MLL/
F10(OM-LZ)-transduced cells. These results suggested that the
ukemogenic potential ofMLL/EB1 was lower than that ofMLL/AF10.
Our patient with MLL/EB1 was diagnosed as having pro-B ALL,
t the transduction of MLL/EB1 did not immortalize murine BM

Image of Figure 4


Figure 5. Characteristics of leukemic mice transplanted with Ets1-knockdownMLL/EB1 cells. (A-B) In vivo competitive engraftment/clonal
expansion of the ME2G-shV and ME2G-shEts1 cells in the BM (A) and spleen (B) of recipient mice. ME2G-shEts1 and ME2G-shV cells
were initially mixed at a 1:1 ratio (by cell number). (C) Survival curves of the sublethally irradiated mice ip injected with ME2G-shV or
ME2G-shEts1 cells. (D) Liu staining of PB smears (upper panel) or cytospin preparations of BM cells (lower panel) from representative
leukemic mice (oil immersion, ×1000). (E) Representative BM flow cytometric analysis of hematopoietic subsets in theME2G-shV- (upper
panel) or ME2G-shEts1- (lower panel) leukemic mice.

Figure 4. Characteristics of Ets1-knockdown MLL/EB1 cells. (A) RT-qPCR (i) and Western blot (ii) analyses of Ets1 expression level in the
lentivirus-transduced ME2G cells. ME2G-shEts1, ME2G cells transfected with lentivirus expressing-shRNA-targeted Ets1
(TRCN0000042639). ME2G-shV, ME2G cells transfected with blank lentivirus. Error bars indicate SD of mean. (B) Immunofluorescence
staining of ME2G-shV and ME2G-shEts1 cells. Cells were stained with anti-Ets1 (left column) or DAPI (middle column), and a merged
image (right column). (C) Cytological and (D) immunophenotypic characteristics of ME2G-shV and ME2G-shEts1 cells. (E) RT-qPCR
analysis of CD115, Cybb, and CD68 expression inME2G-shV andME2G-shEts1 cells. (F) Liu staining of ME2G-shV andME2G-shEts1 cells
cultured in the medium containing M-CSF (oil immersion, ×1000). (G) Growth curve and (H) cell apoptosis analyses of ME2G-shV and
ME2G-shEts1 cells cultured in the medium containing IL3. Error bars indicate SD of mean (G).
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l l s in the medium supp lemented wi th lymphoid
fferentiation-inducing cytokines. Recently, it had been reported
at BM stroma was required for normal B-cell development and
mphoid malignancies25; hence, there could be a possibility that our in
tro culture condition was not enough to sustain the growth of lymphoid
ukemia cells. On the other hand, a recent report had shown thatMLL
sions could targetmultipotent hematopoietic stem and progenitor cells to
duce mixed-lineage leukemia as well as lineage switch from B-ALL to
ML or vice versa in acute leukemia patients withMLL rearrangements.26

nfortunately, our study patient left the hospital without undergoing
eatment17; therefore, follow-up samples were not available to assess
hether linage conversion occurred in the patient.
The low leukemogenic potential and various cell differentiation- and
optosis-associated characteristics ofMLL/EB1 cells in comparison with
LL/AF10(OM-LZ) cells implicated that there may be different target
nes downstream of MLL/EB1. Comparative transcriptome analysis
entified 318 differentially expressed genes betweenMLL/EB1 cells and
LL/AF10(OM-LZ) cells. The enrichment of the genes involved in the
ological processes of cell differentiation, proliferation/apoptosis,
ming/recruitment, and immune response was consistent with our
perimental observations. From the differentially expressed genes, we
entified Ets1, a known MLL and MLL/AF9-bound gene, which was
lectively upregulated by MLL/EB1 and played critical roles in MLL/
B1-mediated leukemic transformation. Ets1 gene encodes a widely
pressed transcription factor involving in many biological processes,
cluding embryogenesis, vasculogenesis, angiogenesis, proliferation,
matopoiesis, and tumorigenesis.27–30 In hematopoiesis, Ets1 was
volved in decisions governing the fate of B-/T-lymphocytic cells and
egakaryocyte/erythrocyte progenitor cells as well as in the development
natural killer cells, granulocytes, and macrophages.31–35 Ets1/Ets2 and
ETS/DP103 function cooperatively in linking terminal macrophage
fferentiation to cell cycle arrest.33 Our results demonstrated that the
ockdown of Ets1 expression in MLL/EB1 cells reduced monocytic
ne expression, blocked M-CSF–induced terminal macrophage differ-
tiation, and decreased the frequency of cell apoptosis. These results
dicated that Ets1 in MLL/EB1 leukemia cells, like in macrophages,
kedmacrophage differentiation and cell cycle arrest (cell apoptosis).On
e other hand, the knockdown of Ets1 expression in MLL/EB1 cells
rongly hampered cell engraftment to BM/spleen and leukemia
velopment and consequently prolonged the survival of leukemic
ice. These results uncovered the dual roles of Ets1; it was found to not
ly attenuate leukemia cell growth but also promote tumorigenesis.
milar observation was reported that Ets1 controls balance between cell
vasion and growth in breast cancer.36

Gene amplification and missense mutations of ETS1 have been
tected in patients withmarginal zone B cell lymphoma and diffuse large
cell lymphoma (7.9%-20.8%),37–39 but no direct involvement of Ets1
as reported in leukemia.More AML samples showingMLL fusion with
merization domain-containing partner genes will be needed to evaluate
hether ETS1 overexpression is common in such type of AML patients.
oreover, Thiel et al. (2010) proposed that wild-type MLL is required
r MLL fusion-induced leukemogenesis.40 The molecular mechanism
verning the selective upregulation of Ets1 byMLL in association with
LL/EB1 and the tumorigenic role of Ets1 in MLL/EB1-induced
ukemic development remain to be explored.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.03.006.
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