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SUMMARY

Homeobox genes are known to be key factors in
leukemogenesis. Although the TALE family homeo-
domain factor Meis1 has been linked to malignancy,
a role for MEIS2 is less clear. Here, we demonstrate
that MEIS2 is expressed at high levels in patients
with AML1-ETO-positive acute myeloid leukemia
and that growth of AML1-ETO-positive leukemia de-
pends on MEIS2 expression. In mice, MEIS2 col-
laborates with AML1-ETO to induce acute myeloid
leukemia. MEIS2 binds strongly to the Runt domain
of AML1-ETO, indicating a direct interaction between
these transcription factors. High expression of
MEIS2 impairs repressive DNA binding of AML1-
ETO, inducing increased expression of genes such
as the druggable proto-oncogene YES1. Collectively,
these data describe a pivotal role for MEIS2 in AML1 -
ETO-induced leukemia.

INTRODUCTION

Aberrant expression of clustered homeobox genes, or HOX
genes, is a molecular hallmark of acute myeloid leukemia
(AML), and many experimental studies have proven that dysre-
gulated expression of this highly conserved family of tran-
scription factors is a key factor in leukemia development (Alharbi
et al., 2013; Argiropoulos et al., 2007; Jung et al., 2015; McGoni-
gle et al., 2008; Spencer et al., 2015). Besides HOX genes, non-
clustered homeobox genes, such as the ParaHox gene CDX2,
have been shown to play an essential role in leukemogenesis
(Faber et al., 2013; Lengerke and Daley, 2012; Rawat et al.,
2012), as have members of the three-amino-acid-loop extension

498 Cell Reports 16, 498-507, July 12, 2016 © 2016

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

(TALE) superfamily, MEIS1 and PBX1 (Argiropoulos et al., 2007).
The TALE superfamily is characterized by three highly conserved
additional residues, proline-tyrosine-proline, in the first loop re-
gion of the homeodomain (Burglin, 1997). So far, three functional
Meis genes have been identified (Meis1, Meis2, and Meis3).
MEIS1 and MEIS2 show 82% homology at the amino acid level.
Homology is particularly high within the homeodomain and in a
second conserved domain, the homothorax homology domain
(Hth) (Moens and Selleri, 2006). There is a rich body of evidence
arguing that Meis1 plays a pivotal role in normal and malignant
hematopoiesis. Murine transplantation models clearly showed
that Meis1 collaborates with native Hox genes such as HoxA9
and HoxA10 and multiple NUP98-HOX fusion genes in inducing
AML (Kroon et al., 1998; Pineault et al., 2003; Thorsteinsdottir
et al., 2001). Furthermore, MEIS1 and multiple HOX genes are
aberrantly expressed in a variety of human AML genotypes
such as NPM1 mutated cytogenetically normal (CN)-AML or
AML with complex karyotype (Kawagoe et al., 1999; Rawat
et al., 2008). Interestingly, to date, MEIS1 is the only MEIS family
member to be implicated in normal or leukemic hematopoiesis.
In this report, we characterize MEIS2 as a potent oncogene in
AML1-ETO (AE)-positive AML.

RESULTS

The Homeobox Gene MEIS2 Is Aberrantly Expressed in
Patients with AE-Positive AML

Because there are few reports on the expression and function of
MEIS2 in AML, expression of this gene was evaluated in a large
cohort of patients with AML and normal CD34* bone marrow
(BM) cells by real-time gPCR (Table S1). Strikingly, MEIS2
expression in AE-positive AML was significantly higher than
in PML-RARA and inv(16) positive cases (n = 11) (p < 0.0001)
(Figure 1A). There was also high expression in CN-AML, inde-
pendent of the NPM1 mutational status, an AML genotype

.
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Figure 1. MEIS2 Expression in Patients
with AML

(A) Quantification of MEIS2 expression in core
binding factor (CBF) and normal-karyotype AML.
Expression levels of MEIS2 in AML patients with
AE, PML-RARa fusions, or Inv(16), and normal
human BM CD34* cells were determined by
qRT-PCR (relative to housekeeping gene TBP).
MEIS2 was expressed in 6/11 PML-RARAa, 11/
11inv(16), and in 7/13 normal CD34* samples. All
tested AE and NPMc* (n = 5) or NPM wild-type

=not expressed

log,, fold expression of MEIS2 (TBP)

logyq fold expression of MEIS2 (TBP)
[
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(WT) (n = 5) cases were positive for MEIS2
expression. Expression values are shown as
mean + SEM. Statistical significance is indicated
(***p < 0.0001).

(B) Quantification of MEIS2 expression in
leukemic and normal hematopoiesis. Expres-

BM subpopulations were determined by gRT-PCR (relative to housekeeping gene TBP). Bars show the mean + SEM. *,

0.0001). MEIS2 expression in normal CD34*/CD38™ (n = 1/5) and CD34*/CD38*

previously associated with elevated homeobox gene expres-
sion in contrast to AE-positive AML (n = 10). Importantly, the ma-
jority AE-positive AML cases showed significantly on average
22.3-fold-higher MEIS2 transcript levels (p < 0.005) compared
to normal human CD34* BM samples (Figure 1A). Furthermore,
MEIS2 was highly expressed in CD34*/CD38" leukemic stem
cell (LSC) candidates isolated from AE-positive cases (n = 3),
whereas no expression of this gene was detectable in four
of five samples of the corresponding normal counterpart (Fig-
ure 1B). Importantly, MEIS2 protein expression could be validated
in representative 1(8;21)-positive patients at levels comparable to
normal human cord blood cells (Figure S1A).

In summary, these data indicate that AE-positive AML is
characterized by aberrant expression of MEIS2 in all leukemic
compartments, including the most primitive CD34*/CD38~
compartment associated with LSC activity.

MEIS2 Collaborates with AE in Inducing AML

To test whether aberrant expression of MEIS2 is of any functional
relevance in human AML, the impact of small hairpin RNA
(shRNA)-mediated MEIS2 depletion in the AE-positive cell lines
SKNO-1 or Kasumi-1 was analyzed. Knockdown of MEIS2 by
three independent shRNA constructs in vitro resulted in a sig-
nificant reduction in proliferation and colony formation that was
reflected in a statistically significant increase in the proportion
of cells in GO/G1phase and also an increase in cells expressing
the differentiation maker CD11b in SKNO-1 cells (Figures 2A-
2C and S1B-S1E). The functional relevance of MEIS2 expression
was confirmed in a primary AE sample that showed 38% reduc-
tion in cell viability after small interfering RNA (siRNA)-mediated
suppression of MEIS2 expression in comparison to the scram-
bled control (Figure 2D).

To further validate collaboration of MEIS2 with AE, we tested
expression of Meis2 in normal murine hematopoiesis and
mimicked co-expression of Meis2 with the AE fusion gene in hu-
man AML by retrovirally engineered co-expression of MEIS2
and AE in murine progenitor cells. In line with our findings in
normal human BM, Meis2 expression was low in hematopoietic

sion levels of MEIS2 of leukemic subpopulations
of patients with AE-positive AML and normal
not detectable (***p <
(n = 1/2); *, not detectable.

stem cells and absent in most samples of more differentiated
hematopoietic cells (Figure S2A). AE collaborated significantly
with MEIS2 as reflected in the colony forming unit-spleen
(CFU-S) assay, increasing the median colony number on the
spleen by 2.3-fold (p < 0.05) 12 days post-transplant compared
to mice transplanted with cells carrying AE alone (Figure S2B).
Mice transplanted with BM cells expressing constitutively AE,
MEIS2, or GFP did not develop any disease up to 500 days
post-transplantation. In contrast, mice injected with only
3.1% + 2.3% transduced BM cells co-expressing both the AE
fusion and MEIS2 developed AML 171 days after transplanta-
tion (n = 7), with an average engraftment of 92.4% + 0.01%
SEM and significant shortening of survival compared to the
GFP control mice, indicating collaboration of both genes in vivo.
Leukemias generated by AE and MEIS2 were transplantable
and induced disease after a short latency of 33 days in second-
ary recipients (n = 11) (Figure 3A). Examination of the peripheral
blood (PB) of diseased mice showed hyperleukocytosis, accu-
mulations of blasts, splenomegaly, and severe multi-organ infil-
tration with leukemic blasts, which were highly positive for
Mac1, Gr1, and c-Kit (Figures 3B, S2C, and S2D; Tables S2
and S3). According to the Bethesda criteria for hematological
neoplasms, all mice in the AE/MEIS2 arm died of AML with
maturation (Figure 3C).

In contrast to the observed synergy in leukemogenic activity
between MEIS2 and AE, MEIS2 overexpression did not shorten
disease latency when combined with the more potent AML1-
ETO%a (AE9a) gene, previously shown on its own to be able to
cause AML within 175 days (Yan et al., 2006) (Figures S2E-
S2G). This was in line with results from the CFU-S assay, which
did not show any differences in splenic colony formation be-
tween AE9a/MEIS2 and AE9a alone (Figure S2H). Of note, over-
expression of AE9a was observed to enhance endogenous
Meis2 expression 6.2-fold (+1.60 SEM) in murine BM progenitor
cells, a level of induction substantially higher than that seen
with AE alone (3.05-fold [+0.48 SEM)) (Figure S2I). Importantly,
there were no recurrent retroviral integration sites in both AE/
MEIS2- and AE9a- or AE9a/MEIS2-positive leukemias enlisted
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Figure 2. Impact of shRNA-Mediated Lentiviral Knockdown of MEIS2 on t(8;21)-Positive AML Cell Lines and a t(8;21)-Positive Patient Sample
(A and B) Impact of knockdown (KD) of MEIS2 compared to SCR control on (A) proliferation (n = 3 for SKNO-1 with KD of 31.85 + 8.4 SEM for sh44, 43.8 + 6.8 SEM
for sh58, and 19.5 + 2.78 SEM for sh60, respectively, and 42.7 + 7.1 SEM for sh44, 30.5 + 4.4 SEM, for sh58 and 30.9 + 6.3 SEM for sh60, respectively) and (C)
colony formation (n = 3 for Kasumi-1). Significance was calculated by two-way ANOVA (***p < 0.0001; ***p = 0.001; *p = 0.005).

(D) Impact of siRNA-mediated knockdown of MEIS2 in a diagnostic, previously untreated patient sample having, as a sole cytogenetic abnormality, the trans-
location t(8;21) (no. 62 in Table S1) on cell number compared to SCR control (n = 1 in technical triplicates). Average knockdown efficiency was 54.2%; cell viability

was measured 72 hr after siRNA induction.

in the retroviral tagged cancer genes database (RTCGD) (data
not shown).

To characterize genes and pathways differentially expressed
by overexpression of MEIS2 and AE-positive cells, we per-
formed microarray analyses 48 hr after successful gene trans-
duction in 5-fluorouracil (5-FU)-mobilized murine progenitor
cells. In comparison to the GFP control, MEIS2 with AE induced
upregulation of 75 probesets corresponding to 23 genes and
downregulation of 159 probesets corresponding to 122 genes.
In contrast to the upregulated genes, the vast majority of down-
regulated genes did not overlap between AE/MEIS2 and AE
alone (Figures S3A and S3B; Table S4). When these differentially
expressed genes between AE/MEIS2 and GFP were analyzed in
the Kyoto Encyclopedia of Genes and Genomes (KEGG)-based
pathway analysis, “cytokine-cytokine receptor interaction,”
“transcriptional misregulation in cancer,” and “pathways in can-
cer” scored among the top-five ranking categories. In a direct
comparison between AE and AE/MEIS2 BM, out of 195 differen-
tially regulated probesets referring to 145 genes, 29 probesets
(12 genes) were upregulated and 166 probesets (80 genes)
were downregulated (Table S4). Interestingly, Hoxa genes such
as Hoxab, Hoxa7, Hoxa9, and Hoxal0 were downregulated

500 Cell Reports 16, 498-507, July 12, 2016

in AE and AE/MEIS2 compared to the empty vector. This was
further validated by gRT-PCR, indicating that the leukemogenic-
ity of AE/MEIS2 does not depend on upregulation of oncogenic
Hoxa genes (Figures S3C and S3D). Gene set enrichment anal-
ysis (GSEA) analysis for oncogenic signature (MsigDB version
5.0) showed enrichment for gene sets such as “JAK2” and
“PTEN” in AE/MEIS2 versus AE alone (Figure S3E; Table S4).
Consistent with the finding that MEIS2 did not increase leuke-
mogenicity of AE9a, RNA-seq of leukemic BM showed a close
overlap in gene expression between AE9a and AE9a/MEIS2,
indicating that adding of MEIS2 to the leukemogenic truncated
AE9a does not induce gross changes in the molecular phenotype
of AE9a-positive leukemias (Figures S3F and S3G).

Taken together, these data indicate that MEIS2 functionally
collaborates with AE in AML.

MEIS2 Binds to AE

To understand the mechanism of AE-MEIS2 collaboration, we
first sought to identify domains of the fusion gene that may
be critical for collaboration between AE and MEIS2 using the
CFU-S assay as readout for growth-promoting activity (Figures
S4A and S4B). Only the inactivating point mutation in the Runt
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Figure 3. Co-expression of MEIS2 and AML1-ETO Induces AML in Mice

(A) Survival plot of mice transplanted with AE and MEIS2. Kaplan-Meier survival curves of mice transplanted with BM cells expressing AML1-ETO (AE), MEIS2, the
empty GFP control vector, or AE/MEIS2. Survival of secondary recipients transplanted with BM of diseased primary AE/MEIS2 mice is shown in addition. Log-
rank Mantle-Cox test was used to calculate the statistical significance as indicated (**p < 0.005; ****p < 0.0001; **p = 0.0001; **p = 0.001).

(B and C) Dot plot of a representative leukemic AE/MEIS2 mouse (B) and histological analysis of different organs (C). Inmunophenotyping and histology of BM
and PB of a representative mouse diagnosed with AML is given (mouse no. 10; Table S3). Samples were gated for GFP-positive cells. MPO, myeloperoxidase;
CAE, N-acetyl-chloroacetate esterase. Histology pictures are magnified 400x. Scale bar, 50 pm.

domain, not deletion of the NHR1 or C-terminal stretch, reduced
collaboration between MEIS2 and the fusion gene, indicating
that DNA binding properties are crucial for AE-MEIS2 leukemo-
genic collaboration. There was a trend that MEIS2 could further
enhance CFU-S activity of the C-terminally truncated A540 AE
construct that contains the TAF/NHR1 domain and lacks the
zinc-finger domains, previously shown to have similar activity
as the wild-type AE (Westendorf et al., 1998) (Figure S4C). To
test for a possible direct interaction between AE and MEIS2,
co-immunoprecipitation (colP) assays along with various other
mutants of MEIS2 (Figure S4D) were performed in HEK293 cells.
Surprisingly, strong binding of MEIS2 to the Runt domain of AE
could be documented (Figures 4A and 4B). Additional experi-
ments showed that AE9a is also able to strongly bind to MEIS2
(Figure S4E) and that the N-terminal region (amino acids [aa]
A1-68 or 69-470) of MEIS2 is critical for binding to the Runt
domain of AE and AE9a (Figures 4C, 4D, S4E, and S4F). The
binding of MEIS2 to AE was validated in a human leukemic back-
ground by performing immunoprecipitation for ETO and western
blotting for MEIS2 in the AE-positive human cell line SKNO-1 (Fig-
ure S4G). To test whether hematopoietic activity of MEIS2 de-
pends on binding to AE, we generated a mutant with deletion of
1-68 aa N-terminally (MEIS2(69-470)), which has lost its binding
capacity to the fusion gene (Figure 4D). In contrast to the wild-
type MEIS2, which induced significantly more colonies in collab-
oration with AE than AE alone, MEIS2(69-470) plus AE failed to
increase colony numbers compared to AE alone. This could
be re-confirmed in secondary re-plating assays, which also
showed a significant loss of activity of the AE/MEIS2 (69-470)
combination compared to AE/MEIS2. Similarly, at the level
of CFU-S, AE/MEIS2 increased spleen colony numbers signifi-

cantly compared to AE alone in contrast to the AE/MEIS2
(69-470) combination. This was further confirmed in the more
sensitive ACFU-S assay, which showed a lack of collabora-
tion between AE and MEIS2 (69-470) (Figures S4H-S4J). Collec-
tively, these data provide evidence that MEIS2 is able to directly
interact with the most frequent fusion gene in AML and that bind-
ing to AE is critical for its full collaborative activity in the CFU-S
assay.

MEIS2 Alters Target Gene Binding of AE

To analyze whether MEIS2 expression levels impact AE DNA bind-
ing properties, chromatin immunoprecipitation (ChIP) sequencing
was performed in the human AE-positive Kasumi cell line after
shRNA-mediated MEIS2 knockdown (shMEIS2-44) compared to
the scrambled control, using an AE fusion-specific antibody
(Martens et al., 2012). Successful enrichment for AE target genes
by the antibody used was first validated by ChIP gPCR for known
specific binding partners of AE such as SPI1, OGG1, FUT7, and
NFE2, each of which showed substantial enrichment (showing
anup to 18-fold) (Figures S5A and S5B). In addition, motif analyses
of the AE binding sites in the ChlP-seq revealed enrichment for
both the RUNX1 and ETS1 target sites as previously reported
(Martens et al., 2012) in both experimental arms, comprising
between 35% and 42% of all target regions, as well as the pres-
ence of weaker motifs with 44.32% and 65.8% for scrambled
(SCR) and shMEIS2, respectively (Figures S5C-S5F; Table S5).
As we observed increased binding of AE to RUNX1 after MEIS2
knockdown, changes in expression of RUNX7 were tested in the
1(8;21)-positive cell lines SKNO-1 and Kasumi after MEIS2 deple-
tion: however, knockdown induced no major change of RUNX1
expression in both cell lines (n = 3) (data not shown).
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Figure 4. Co-immunoprecipitation Assays on AE and MEIS2 Interaction in HEK293 Cells
(A) Immunoprecipitation (IP) of FLAG-AE and western blot using anti-FLAG and anti-ETO (for AE) and anti-GFP (for MEIS2) antibodies, respectively. Interaction of

MEIS2 with AE is shown in lane 5.

(B) IP of FLAG-RUNT and FLAG-AE and western blot using anti-FLAG (for RUNT and AE) and anti-GFP (for MEIS2), antibodies, respectively. MEIS2 interacts with
AE and to the RUNT domain of AE (lane 3). *Immunoglobulin G (IgG) heavy chains (in C heavy and light IgG chains).

(C and D) Additional mutants of MEIS2 were generated to map the interacting domain of full-length AE and RUNT with MEIS2. WT MEIS2 and all the mutants
interacted strongly with AE and RUNT, except the N-terminally deleted mutants A1-68 (aa 49-470) and A1-274 (aa 275-470).

At a cutoff of >10-fold with a FDR rate threshold of 0.001
and a FDR effective Poisson threshold of 0, a total of 13,003
high-confidence DNA binding regions for AE with or without
expression of shMEIS2 were detectable. Of note, knockdown
of MEIS2 increased the number of AE binding sites compared
to the control by >2-fold. In addition, knockdown of the
MEIS2 gene induced >7,900 unique AE binding sites, indicating
gross changes in the DNA binding behavior of the fusion gene
after MEIS2 depletion (Figure 5A). When we focused on the pro-
moter regions (defined as binding regions 1 kb upstream and
100 bp downstream of the transcription start site), AE still bound
to significantly more DNA sites after MEIS2 knockdown, with
>1,100 unique binding sites compared to the control (Figure 5B;
Table S4). The higher number of AE DNA binding sites after
MEIS2 depletion was a consistent characteristic throughout
the differentially annotated DNA regions (Figure 5C). Among
those genes that showed substantial increase of AE binding af-
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ter MEIS2 knockdown were IGFBP7, mir-4442, OGG1, RUNX1,
and WTT. A smaller proportion of genes showed decreased
AE binding after MEIS2 depletion, such as mir-145, NDUFA4,
and KRAS (Figure S6A). Other genes did not meet the above-
mentioned criteria for AE binding in the scrambled control
but met the requirements with a >10-fold increase in AE binding,
such as ASLX2, FLT3, CREB1, GSK3a, and HMGAT1 (Table S6).
Of note, expression of MEIS2 decreased after AE shRNA-
mediated knockdown in SKNO-1 cells, although there was no
documented binding of AE to the MEIS2 promoter (Figures
S6B and S6C).

Thus, these data demonstrated that high MEIS2 expression is
associated with a reduction of AE binding to DNA targets and,
vice versa, that knockdown of MEIS2 increases AE binding sites.
Furthermore, the data show that AE binds to a distinct and
unique set of DNA sites in human AML cells when MEIS2 is highly
expressed.
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(A) Venn diagram showing the number and overlap of all genomic AE binding sites in Kasumi-1 cells after knockdown of MEIS2 (shMEIS2-44) compared to the

SCR control.
(B) Venn diagram showing the number and overlap of genomic AE binding sites

in the promoter region (the annotated peaks that are 1 kb upstream of the TSS and

100 bp downstreak of the TSS) in Kasumi-1 cells after knockdown of MEIS2 (shMEIS2-44) compared to the SCR control.
(C) Distribution of the AE binding sites in the genome (relative to RefSeq genes). TSS, transcriptional start site; TES, transcriptional end site.

High Expression of MEIS2 Is Associated with Loss of AE
Binding to the YES1 Promoter Region and Increased
YES1 Expression

To correlate AE target gene binding with expression levels, RNA-
seq was performed in parallel to ChIP sequencing (ChIP-seq) for
the same samples in duplicates. Genes were considered as
differentially expressed when the difference in FPKM (fragments
per kilobase per millions reads) was significant at a p value of
0.05, with a false discovery rate (FDR) of 0.05. First, differen-
tially expressed genes were analyzed independent of AE target
binding: 868 genes were differentially expressed between
Kasumi cells transduced with the MEIS2 shRNA versus scram-
bled control (Table S4). KEGG analysis showed changes in the
expression of genes belonging to the categories ribosomes, ly-
sosomes, and adherence junction (Tables S4 and S7). Of note,
MEIS2 knockdown induced major differences in gene expres-
sion, with an up to 2.25 log2 fold change for upregulated genes
(n = 365) and up to 9 log2 fold for downregulated genes (n = 123
genes) compared to the SCR control (Table S4).

As a second step, we correlated differentially expressed
genes with AE DNA binding. Among the genes with changes in
expression and AE binding, there were two categories. The first
showed an increase in expression accompanied by an enhanced

AE binding to their promoter region (e.g., MPO, KIT, NUCB2, and
CD34 MYOGT). The second group showed decreased expres-
sion level parallel to increased AE binding (e.g., YEST, BCL2L1,
HMGAT1, IGFBP2, and TXNIP) after MEIS2 knockdown (Table
S8). We validated these findings for selected genes and found
a significant (p < 0.05) positive correlation between expression
levels determined by RNA-seq and gRT-PCR (Figure S6D).
There was no decrease in the expression of the targetable recep-
tor tyrosine kinases c-Kit and FLT3 after MEIS2 knockdown as
validated by gRT-PCR. In contrast, knockdown of MEIS2
induced a substantial decrease in expression of the Src kinase
YES1 accompanied by increased AE promoter binding of this
gene (Figure 6A). This finding thus provided an intriguing gene
whose expression was strongly dependent on MEIS2 overex-
pression and whose effects were potentially druggable. Of
note, knockdown of YEST resulted in an up to 78% reduction
in proliferation and 95% reduction in clonogenic growth in Ka-
sumi cells (Figures 6B-6D), indicating that YES7 expression is
relevant for the cell growth of this AE-positive AML cell line.
This was in line with the observation that knockdown of Yes?
in primary leukemic murine AE9a/MEIS2 cells impaired primary
clonogenic growth by, on average, 70.5% (sh84) and 71.14%
(sh152) and re-plating by 93.98% and 69.13% for the two

Cell Reports 16, 498-507, July 12, 2016 503

OPEN
ACCESS

Cell




OPEN

ACCESS
CellPress

0.0

0.2

-0.4

relative YES1 expression (shMEIS2/SCR)
% Knockdown compared to scrambled

200+ /B/g
o H
@ w
o f
= H
2 150
£ <10
8 = |0 o
w =3
5 o
g 100 2 o
'3
2
5
o 50 N4
o
-
o
°
H =
04
o
EE AR . : . : . :
& & 5 6 7 8 9 10
LogeConc
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(A) Expression of YEST after MEIS2 knockdown in Kasumi cells determined by gRT-PCR and RNA-seq showing downregulation of the kinase.

(B) Percentage of YES1 knockdown in Kasumi cells.

(C) Cell growth of Kasumi cells after YES1 knockdown compared to SCR control (n = 3).

(D) Colony formation after YES1 knockdown compared to SCR control (n = 3; mean + SEM).

(E) 2 x 10° Kasumi-1 cells were treated with dasatinib at different concentrations for 72 hr, resulting in an ICsg value of 6.8 um (calculated on the basis of live cells
with probit = 5 [50% effect]; Y = 0.53 log, concentration + 0.28 sigmoid model). Bar graphs (mean + SEM) show that dasatinib concentrations between 1,000 nm

and 10,000 nm resulted in >50% cell growth inhibition after 72 hr.

(F) IP of YES1 and western blotting for p-YES1 in Kasumi-1 cells treated with DMSO or 6.8 um dasatinib for 72 hr, demonstrating loss of phosphorylation after

dasatinib treatment.

shRNAs, respectively (Figures S6F-S6H). Indeed, all AML geno-
types, including the AE-positive AML subtype showed YES1
expression as previously indicated in The Cancer Genome Atlas
(TCGA) database (Network, 2013) (Figure S6E). Next, we tested
the efficacy of pharmacological YES1 inhibition. So far, there are
no selective YES1 inhibitors available. One of the most potent
YES1 inhibitors is dasatinib, which also impairs other kinases
such as c-Src, Fyn, and Lyn (BMS-354825) (Patel et al., 2013).
The AE-positive Kasumi cell line, expressing high levels of
MEIS2, is also positive for YES1 expression and showed com-
plete loss of phosphorylation of the kinase after dasatinib treat-
ment. With a half maximal inhibitory concentration (ICsg) value of
6.8 uM, dasatinib was highly efficient in impairing Kasumi cell
growth in vitro (Figures 6E and 6F). Although it has to be taken
into account that dasatinib is a multikinase inhibitor known to
target several other kinases such as Lyn, PDGFR, KIT, Lck,
Fyn, and c-Src, these data at least suggest that YES1 is an
attractive target in AE-positive AML.

All together, these data point to a regulatory network, in which
high MEIS2 expression collaborates with AE in inducing leukemia,
involving at least in part MEIS2’s ability to strongly bind to AE and
thereby grossly change binding of AE to its target genes on a
global scale. This results in loss of repression of proto-oncogenes,
exemplified by an increase in the expression of the YES1 kinase in
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AML cells, thereby opening avenues to link a leukemogenic liaison
between transcription factors to a druggable target.

DISCUSSION

AML characterized by the translocation 1(8;21) counts for 15% of
all human AML cases and is characterized by expression of the
most frequent fusion gene detectable in patients with this disease.
So far, the AE-positive AML genotype was not associated with de-
regulated homeobox gene expression (Andreeff et al., 2008; Lo
etal., 2012). Inthis report, we now provide evidence that TALE ho-
meobox genes are involved in AE leukemogenesis and that they
can directly interact with the fusion gene. We initiated the study
quantifying the expression of the TALE homeobox gene MEIS2
in a larger AML patient cohort and could readily demonstrate
that MEIS2 is aberrantly highly expressed not only in virtually all
AE-positive AML cases compared to normal CD34" hematopoie-
sis but also in comparison to other core binding factor (CBF)
leukemias. The mechanism behind this observation is unclear.
Despite the gross differences in MEIS2 expression between AE
AML samples and normal CD34* BM cells, both populations did
not show any major methylation differences at the CpG regions
of the MEIS2 promoter as determined by MassARRAY technol-
ogy, indicating that expression of this gene is not regulated by



methylation, at least of these CpG islands (data not shown). Inter-
estingly, published microarray data documented a significantly
and 4.3-fold (logy) increased expression of MEIS2 after retrovirally
induced overexpression of AE in human CD34* cord blood cells
compared to the control (expression atlas EMBL-EBI; Krejci
et al., 2008), in line with our own data showing the same observa-
tion for murine progenitor cells, whereas in the human setting, a
reduction of MEIS2 expression after knockdown of AE was only
observed in the t(8;21)-positive SKNO-1 cell line and not in Kasumi
cells (data not shown). The mechanism of this is not clear, as we
did not see any major binding of AE to the MEIS2 region, as also
described by Ptasinska et al. (Ptasinska et al., 2012).

Functional relevance of high MEIS2 expression in collaboration
with AE could be clearly demonstrated by knockdown in human
AML cells and in the BM transplantation assay, in which only
MEIS2, in collaboration with AE, induced leukemia in contrast
to MEIS2 or AE alone, as shown by us and several other groups
(de Guzman et al., 2002; Fenske et al., 2004; Licht, 2001; Schessl|
et al., 2005). However, in our model, the latency time until devel-
opmentto AML was long, with a median time of 171 days until dis-
ease post-transplant. The long latency suggests that MEIS2 in
concert with the human full-length AE fusion gene needs addi-
tional partners. To test how this homeobox gene might function-
ally interconnect with AE, we analyzed binding between the two
proteins and surprisingly found strong binding between MEIS2
and AE. Interaction between endogenous MEIS2 and AE could
be re-confirmed in the human AML SKNO-1 cell line. These re-
sults thus implicate a previously unrecognized direct interaction
between AE and MEIS2 in human AML. An important question
is whether direct binding to AE is relevant for the collaboration
between MEIS2 and AE. To address this, we generated a mutant
that lost binding to AE. Importantly, this construct showed
reduced hematopoietic activity compared to the full-length
protein. MEIS2 was also highly expressed in AML cases with
NPM1 mutation or normal karyotype with an NPM1 wild-type
protein, and shRNA-mediated knockdown of MEIS2 impaired
growth in a panel of AML cell lines harboring, among others,
NPM1 mutation or a MLL fusion (data not shown). This might indi-
cate that high MEIS2 expression contributes to leukemogenesis
in other AML genotypes. It will be important in future work to
analyze this in more detail and to understand possible AE-
independent mechanisms of MEIS2 leukemogenicity. We also
tested binding of MEIS2 to the truncated AE9a oncogene and
proved that MEIS2 is also able to bind strongly to this AE isoform.
However, we did not see acceleration of AE9a induced disease
by MEIS2 co-expression, in line with published data demon-
strating rapid onset of leukemia by AE9a alone in contrast to
the full-length AE fusion (Yan et al., 2006). Complex formation be-
tween TALE homeobox genes such as Meis1 and Pbx1 has been
described and is essential for mediating Hoxa9 leukemogenicity
(Kroon et al., 1998; Shen et al., 1999), but so far, there are no re-
ports on complex formation between TALE homeobox genes and
the AE fusion gene. With regard to AE, the fusion gene might have
a completely different DNA occupancy when interacting with
MEIS proteins. Indeed, we could demonstrate that AE changes
its DNA binding properties significantly after shRNA-mediated
MEIS2 knockdown in human AML cells. According to the ChiP-
seq data presented in this work, AE DNA binding occupancy in

AML cells was substantially reduced when MEIS2 was highly
expressed. Conversely, MEIS2 knockdown resulted in a gross
and >100% increase in the number of AE binding sites, accompa-
nied by a significant impairment of AML cell growth. This sug-
gests that MEIS2 might promote AE-associated leukemogenesis
by impairing or restricting binding of a repressive AE complex to
proto-oncogenes, resulting in a critical increase of potentially
oncogenic AE targets (Ptasinska et al., 2012). This increase in
AE binding was observed for several known genes involved in
cell activation, growth, and cancer such as KIT, MPO, HMGAT,
CD34, and IGFBP7 (Ptasinska et al., 2012) or YES1 and MAPK1
(Maiques-Diaz et al., 2012). However, changes in AE binding to
KIT did not result in changed expression in contrast to YES1.
This SCRSrc kinase has previously been described as one of
the key members of a gene set of AE targets with an AML1 binding
site, co-occupied by the histone deacetylase 1 and characterized
by a dramatic loss of H4 hyperacetylation marks. Interestingly,
this study classified YES1 among the target genes of AE (Mai-
ques-Diaz et al., 2012). We could also demonstrate that high
expression of MEIS2 can impair AE binding to the YES1 pro-
moter, resulting in an increased expression of this proto-onco-
genein human AML cells. Additionally, knockdown of YES1 abro-
gated the growth of AE-positive AML as well as primary leukemic
BM. Unfortunately, to date, no selective YES1 kinase inhibitor is
available. Among the most potent YES1 inhibitors is dasatinib,
which also blocks other src kinases (Patel et al., 2013). Although
the data have to be interpreted with caution based on this, dasa-
tinib a highly potent blocker of growth of AE-positive cells, and
this was accompanied by dephosphorylation of the YES1 pro-
tein. Interestingly, clinical trials are ongoing in AE-positive AML
to test the efficacy of dasatinib as an addition to chemotherapy
or as a single agent (Boissel et al., 2015; Marcucci et al., 2013).
All of this illustrates that the leukemogenic collaboration of
MEIS2 and AE can be mechanistically linked to kinases, which
opens an avenue for targeting this leukemogenic liaison between
the two transcription factors by approved drugs such as
dasatinib.

Altogether, these data shed light on an unexpected leukemo-
genic crosstalk between the most frequent fusion gene in AML
and the MEIS2 homeobox gene, identifying MEIS2 as a potent
collaborative leukemogenic partner that affect DNA binding of
the most frequent fusion gene in human AML.

EXPERIMENTAL PROCEDURES

Patient Samples, Cell Lines, and Mouse Experiments

Mononuclear cells isolated from diagnostic BM or PB with AML leukemias from
92 adult patients were analyzed (n=70for t(8;21), n =11 for PML-RARa,n =11 for
inv(16), and n = 5 for NPM-WT and NPMC™). CD34* from bone marrow mononu-
clear cells (BM MNCs; Lonza) (n = 13) from healthy individuals were taken as con-
trols. Cytochemistry and cytogenetics (Table S1) were performed in all cases as
described. Cases were classified according to the French-American-British
criteria and World Health Organization classification (Bennett et al., 1976; Harris
etal., 1999). The study was approved by the ethics committees of all participating
institutions, and informed consent was obtained from all patients before
they entered the study in accordance with the Declaration of Helsinki (http://
www.wma.net/en/30publications/10policies/b3/index.html). The #@8;21)-posi-
tive AML cell lines Kasumi-1 (all DMSZ) and SKNO-1 (kindly provided by Michael
Libbert, Freiburg, Germany) were used for expression analysis. Kasumi-1 and
OCI-AML3 were cultured in RPMI 1640 with 20% fetal bovine serum (FBS) and
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1% penicillin-streptomycin. SKNO-1 was cultured in RPMI 1640 medium with
10% FBS + granulocyte-macrophage colony-stimulating factor (GM-CSF)
(10 ng/ml). Mice experiments were performed in compliance with the German
Law for Welfare of Laboratory Animals and were approved by the Regierung-
sprasidium Tubingen, Germany.

Co-immunoprecipitation and Western Blotting

Cell lines HEK293 (ATCC, CRL 1573) and HelLa (ATCC, CCL 2) were grown in
DMEM (Gibco) supplemented with 10% fetal calf serum (FCS), penicillin, and
streptomycin. HEK293 and Hela cells were transfected using the Nanofectin
transfection reagent (PAA) according to the manufacturer’s instructions. For
western blotting and immunoprecipitation (IP) experiments whole-cell lysates
were prepared as described previously (Salat et al., 2008; Wacker et al., 2011).
Protein concentrations were determined using the Bradford assay method
(Bio-Rad). Details regarding colP and western blot can be found in Supple-
mental Experimental Procedures.

ChIP-Seq and Peak Detection

Chromatin was harvested as described previously (Denissov et al., 2007). ChIP
was performed using specific antibodies to AE (Diagenode, C15310197) and
analyzed by gPCR or ChIP-seq as previously described (Martens et al,
2012). Primers for gPCR used were as follows:

SPI1: forward, 5-GGGTAAGAGCCTGTGTCAGC-3’; reverse, 5'-CAGATG
CACGTCCTCGATAC-3'

FUT?7: forward, 5-TGAAACCAACCCTCAAGGTC-3'; reverse, 5'-TCACTG
GCATGAATGAGAGC-3'

NFE2: forward, 5'-GGTTAGCAGCATACGTGGAG-3'; reverse, 5'-ACGATA
CGGAGAAAACCACG-3'

OGGT1: forward, 5'-CCACCCTGATTTCTCATTGG-3'; reverse, 5-CAACCA
CCGCTCATTTCAC-3’

VAV1: forward, 5'-AGAAGGGTTTGAGGGCTAGG-3'; reverse, 5'-CTGTTA
CCAGGGCTTGGTTG-3

H2B: forward, 5'-TGCATAAGCGATTCTATATAAAAGCG-3'; reverse, 5’ -AT
AAAGCGCCAACGAAAAGG-3'

MYOG: forward, 5'-AAGTTTGACAAGTTCAAGCACCTG-3'; reverse, 5'-TG
GCACCATGCTTCTTTAAGTC-3'.

Relative occupancy was calculated as fold over background, for which the
second exon of the myoglobin gene or the promoter of the H2B gene was used.

lllumina sequencing was done as previously described (Martens et al., 2010).
Briefly, end repair was performed using the precipitated DNA of ~30 million cells
using Klenow and T4 PNK. A 3’ protruding A base was generated using Taq po-
lymerase, and adapters were ligated. The DNA was loaded on gel and a band
corresponding to ~300 bp (ChIP fragment + adapters) was excised. The DNA
was isolated, amplified by PCR, and used for cluster generation on the lllumina
genome analyzer. Fastq files were quality controlled and adaptor trimmed using
trimm galore (Martin, 2011), and sequences with phred score of 20 or higher were
considered for downstream analysis. Sequences were then aligned to the human
genome version hg19 using bowtie2 (Barbie et al., 2009). Peak calling and anno-
tation was done using CisGenome (Ji et al., 2008) and HOMER v3.12 (http://
homer.salk.edu/homer/ngs/peaks.htmi).

RNA-Seq and Analysis

RNA-seq was performed using libraries prepared by TruSeq RNA Sample
preparation Kit version 2. The samples were run on HiSeq2000. After trimming
lllumina sequencing adapters using trimm galore (Martin, 2011), high-quality
raw Fastq files (phred score of 20 or higher) were aligned using tophat and
respective RefSeq files (the human Hg19 assembly and the murine mm10
genome version). Differential expression analysis was performed using Cuf-
flinks (Trapnell et al., 2009, 2010) and R packages (Team, 2013).

ACCESSION NUMBERS
The accession numbers for the microarray, ChiP-seq, and RNA-seq (Kasumi

cell and murine leukemic BM samples) are GEO: GSE81174, GSE81321,
GSE81328, and GSE81329, respectively.
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Figure S5
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Figure S6

2.0+

D)

©)

B)

9

Row Z-Score

or o€ 02 O0r O
unoy

<

- <
N
= L
X -
o
e, > m
™~ i PR ]
N YM B A.
. —
N “ m =2
@ e o
w m N 7o)
or % o
=
=
L] T T
w 9 v 9of
- - <) <)
Y¥od-14b
A.,/Q
o
.Av.\
P/
“w,
% %,
m_//o\ %
6@
7
<) ) o > S %,
5 @ & e béa
(dg1) Zs1a J0 uoissaldxa pjo4 o‘oo.
o
Ny
o
>,
“%,
G b4
Y, %
L O,
r T T T 1 9, 4
o o o =} o v«o
3 @ Q - s,
)
(dgL) 3v Jo uoissaidxa pjog Q@Q

05

05,

m 1% plating
= 2° plating
> S 9
2 Q' N
& & P

358888

s199 ynduy jeniur 0} 19d saruojod

T 1 e
8 o %

100

=)

a-YES1
Bact

Z¢STYS ING

v8Ys INg

d40S NG

G)

Q,oz
T
s
7
%
z
S
M T T T 1 *\
o o o o o &bv
o @ < « »

pajquields 0} pasedwod LS3A JO AM %

\./
A

ViR o - -
Sl:? Q.Q.E. 2 @
." K s
m,.h#l m
WNpoe®  of -
( ] Lwgy =
4 g ® i P.Q\vﬂab
-
b ° ° I
_v_n._ o T‘. v&mwo 1
° L
C‘ ° STEW) Ty .
B Fy 2
Py | 5
.. © [ 8455 m
° ® | 2
SHel %o 5
T T =
o - - L

1004

o
(WXd¥) uoissaidx3

)



Legends Supplemental Figures:

Figure S1 (related to figure 1 and 2): A) Western blot showing the MEIS protein expression in t(8;21) AML samples:
MEIS?2 protein is highly expressed in both t(8;21) AML samples as well as in bulk cord blood and Kasumi cell line.
B) Knockdown of MEIS2 protein expression by three different shRNAs compared to scrambled control after
puromycin selection). C) Apoptosis of Kasumi-1 and SKNO-1 after knockdown of shAMEIS2-44 (n=3). D) Cell cycle
(BRDU) analysis for Kasumi-1 (n=3) and E) Differentiation assay for SKNO-1 cells after MEIS2 knockdown showed
an increase in CD11b expression (n=3). Bars indicate the mean £ SEM.

Figure S2 (related to figure 3): A) Quantification of Meis2 expression in murine subpopulations by qRT-PCR. The
expression levels of Meis2 in subpopulations of steady state murine BM (n=3). Meis2 expression was detected 2 of 3
HSC samples (n= 2/3), 2 of 6 CMP samples (n=2/6), in 1 of 6 CLP and MEP samples (n=1/6) and 3 of 6 GMP (n=3/6)
samples. Expression values were normalized to the housekeeping gene Gapdh and are shown as meantSEM.
HSC=Hematopoietic stem cells; CLP=common lymphoid progenitors; MEP=megakaryocyte—erythroid progenitor;
GMP=granulocyte-macrophage progenitor. B) Effect of AE and MEIS2 expression on CFU-S number. CFU-S assay
was performed by transducing murine BM with the different constructs and were sorted for pure GFP/YFP before
transplanting into lethally irradiated mice. The mice numbers indicated are follows (GFP n=14; MEIS2 n=8; AE n=24;
AE/MEIS2 n=19). Bar indicated the median of the colonies. Significant differences are marked in the figure and given
as a table. CFU-S= colony forming unit-spleen. Haematological parameters of mice transplanted with GFP, AE alone
and AE/MEIS2. C) White blood cell counts in the PB (significance *=<0.05; Mann-Whitney test) and D) Spleen
weight in transplanted mice (Bars indicate the mean + SEM ; significance *=<0.05). WBC = white blood cells.Mice
transplanted with BM co-expressing AE9a and MEIS2 developed AML with E) high blast cell infiltration
(magnification of 100X; 20um scale bar) (Giemsa staining) and with F) leukocytosis, anemia and splenomegaly (n=5
for AE/MEIS2 and n=3 for AE9a). G) Survival of mice. H) CFU-S assay was performed with highly purified GFP or
GFP/YFP cells expressing AE9a alone (n=5) or AE9a/MEIS2 (n=5). The bar indicates the median colony number, n.s
(not significant). I) Overexpression of AE and AE9a in 5-FU BM induced a 3 fold and 6fold increase of Meis?2
expression compared to empty vector control (GFP) 96hrs after end of transduction. Bars indicate the mean + SEM.

Figure S3 (related to figure 3): A) Venn diagram showing the number and overlap of probesets upregulated in the
different experimental arms compared to GFP measured by microarray analysis. B) Venn diagram showing the number
and overlap of probesets downregulated in the different experimental arms compared to GFP measured by microarray
analysis. For this analysis, the cutoff was taken as 0.5fold change differential regulation and p value<0.05. C) Box plot
for HoxA gene expression in BM cells. Expression levels were determined in cells transduced with GFP, AE, MEIS2
and AE/MEIS2 (n=3) by microarrays. Log2 expression was calculated for the Hox genes as indicated. D) Expression
of Hoxa genes in SFU BM transduced cells determined by qRT-PCR. Relative fold expression in comparison to the
empty vector was calculated as shown in the figure for BM cells transduced with MEIS2, AE and AE/MEIS2. Bars
indicate the mean + SEM E) GSEA enrichment analysis using the MsigDB ver 5.0 was performed for AE BM and
AE/MEIS2 BM for enrichment of oncogenic signature. The upper panel shows the positive correlation of AE/MEIS2
BM towards some top ranked oncogenic signature, lower panel shows the negative correlation of AE BM towards
some gene set. F) RNA-Seq analysis of leukemic BM: hierarchical dendrogram (right panel) showing the clustering
of AE9a and AE9a/MEIS2 samples of leukemic BM from mice transplanted with the different constructs as indicated.
G) This panel compares the number of significant genes differentially expressed between leukemic BM samples,
determined by RNA-Seq and represented as box matrix plot. The number of differentially expressed genes is
substantially lower between 4E9a and AE9a/MEIS2 compared to AE/MEIS2.

Figure S4 (related to figure 3 and 4): A) Schematic diagram of constructs. 4E and Meis2 were cloned into the
multiple cloning sites of the modified MSCV 2.1 vector upstream of the internal ribosomal entry site (IRES) and the
enhanced green or yellow fluorescent protein (GFP/YFP) gene. NHR: nervy homology region, HD: Homeodomain,
RHD: Runt Homeodomain. B) Schematic diagram of AE mutants. The mutants AEL[48D, AE ATAF/NHR1, AE A540
were cloned into the multiple cloning sites of the modified MSCV 2.1 vector upstream of the IRES and the GFP/YFP
gene. The FLAG-Runt domain was cloned into pCDNA3 expression vector. C) Number of CFU-S generated by BM
cells expressing AE mutants and Meis2 alone or in combination. The median is given as a bar, Mann - Whitney
significance is indicated (***=<0.001; ** = <0.005; *=<0.05). D) Schematic diagram of Meis2 (NP_034955) mutants.
The GFP-Meis2 mutants Meis2 (1-372), Meis2 (1-337), Meis2 (69-470) and Meis2 (275-470) were cloned into
pCDNA3 expression vector for Co-IP experiments and the mutant Meis2 (69-470) was sub-cloned into MSCV
retroviral vector for CFU-S assays. E) Interaction of MEIS2 with AE9a: co-immunoprecipitation assays were
performed on 293 HEK cells to demonstrate interaction of truncated AE protein AE9a with MEIS2. WT MEIS2 and
all the mutants interacted strongly with AE9a, RUNT except the N-terminally deleted mutants A1-68 aa (49-470) and
1-274 aa (275-470). F) Summary for all interactions: RD: Runt domain, A1/E:AML1-ETO. G) IP of AE in the SKNO-



1 cell line and western blot using anti-ETO and anti-MEIS2 antibodies, respectively. IgG normal rabbit antibody is
used as IgG control and Thermo Scientific Clean-Blot IP Detection reagent (HRP) was used as secondary antibody to
avoid detection-interference from both heavy-chain (approx. 50kDa) and light-chain (25kDa) IgG-fragments of
antibodies used for the initial immunoprecipitation assay. H) CFC assay with BM cells transduced with the different
constructs as indicated. Significance was calculated by the Mann-Whitney test (*=<0.05; **=<0.005)(n=4).Bars
indicate the mean £ SEM. I) CFU-S assay performed with BM cells transduced with AE/MEIS2 (n=9), with
AE/MEIS2 (69-470) (n=5) and AE alone (n=7). Before transplantation transduced cells were highly purified by FACS.
The bar indicates the median of colony numbers. Significance was calculated by unpaired t-test with Welch’s
correction (**=< 0.005). J) ACFU-S assay performed with BM transduced with AE, AE/MEIS2 and AE plus MEIS2
(69-470). Significance was calculated by the Mann-Whitney test (¥=<0.05; **=<0.005). The bar indicates the median
of the colony numbers.

Figure S5 (related to figure 5): A) Bar graph indicating the relative occupancy of known AE targets normalised to
the myoglobin control MYOG, which is not bound by AE, after knockdown of MEIS2 compared to SCR; B) Peak
values of the known AE targets OGG/ and SPI/] showing an increase in binding after sShtMEIS2 compared to SCR
(generated from the UCSC genome browser); C) Percentage of AE target motifs in Kasumi-1 cells after MEIS2
knockdown and in the SCR control determined by Chip-Seq analysis. D) motif distance plot for RUNX1 in Kasumi-1
cells transduced with shMEIS2 versus SCR control. The peaks represent the motif distances for RUNX1.RUNX1+/-
are positive and negative strands which sum up for total RUNXI1 sites. E) Percent known motifs found in Chip-Seq
analysis of Kasumi-1 scrambled versus shMEIS2 samples. F) Percent imperfect/weaker motifs after de novo motif
search (HOMER) in the ChIP-seq data of scrambled versus shMEIS2 Kasumi-1 samples. The motifs were identified
using HOMER.

Figure S6 (related to figure 6): A) Heat map showing the AE binding occupancies in top ranked genes at the promoter
region after MEIS2 knockdown compared to the SCR control. B) Knockdown of AE in the SKNO-1 cell line (> 78%)
(n=3). C) Knockdown of AE reduces MEIS2 expression 21 % compared to the scrambled control 6 days post
transduction. Fold expression calculated by using AC; values normalized to the housekeeping gene TBP. Bars indicate
the mean + SEM. D) Correlation plot of the expression of genes of interest determined by RNA-Seq versus qRT-PCR
in Kasumi-1 cells transduced with the sShIMEIS2 versus the SCR control. E) YES/ expression levels indicated by RPKM
values in AML of different genotypes as determined by RNA-Seq of AML patient samples from TCGA database
(Network, 2013). The mean+SEM is shown as a bar. RPKM: reads per kilobase of transcript per million reads mapped.
F) Knockdown of Yes/ in mouse leukemic BM expressing AE9a/MEIS2. Percent knockdown of Yes/ (sh84: 51.2%
and sh152: 55.9%) compared to scrambled control. G) Protein proof of YES1 knockdown in a leukemic BM sample
of an AE9a/MEIS2 mouse compared to the scr control. H) Colony forming capacity of leukemic BM from
AE9a/MEIS2 after Yes! knockdown.



Table S1: Patient Characteristics (related to figure 1)

Patient

number Karyotype Age Sex Mutations
AE 1 1(8)(q22),1(21)(q22),+21¢ 31 | M | AE;NRAS
AE 2 1(8)(q22),4(21)(q22),del(9)(q22) 52 | F | AE;NRAS
AE 3 1(8)(q22).4(21)(q22).-Y 63 | m | ABCKIT
D816
AE4 )RR 1Q22)6,Y 33 | M | AE FLT3LM
AES BRI 41 | M | AE FLT3 LM
AE; NRAS;
AE 6 %(8)(922),t(21)(q22),-Y 69 M FLT3 D835
AE7 BRI 24 | M | AE,NRAS
AES H8)(G22)4(21)(q22),-Y1(12)8q24),4(17)(q21) 9 | om | ABILD
AE; CKIT
AE9 1(8)(q22).4(21)(q22) 52 | F i
AE 10 () Q221 R2)X 70 AE
AE 11 B RICH2)X 4 AE
AE 12 H(8)(22)421)(q22),-Y 25 | m | ABCKIT
D816
1(8)(q22),1(12)(p11),t(21)(22),t(17)(q25),del(8)
AE 13 65 | M AE
(923),%(8)(q23)
AE 14 (8)( Q222 1)(q22) 57 | F AE
AE 15 () Q22 22)X 70 | F AE
AE 16 (RN R221)(q22)+13 78 | F AE
AE 17 1(8)(q22),4(21)(q22),del(9)(q22) 65 | M AE
AE 18 )R 1q22) ¥ | M AE
AE 19 (8)(Q22421)(q22), X 45 | F AE
AE 20 B R2I21)(q22) 18 57 | F AE
AE 21 )R 1q22) T AE

1




AE 22 %(8)(q22),t(21)(q22) 51 M AE
AE 23 1(8)(q22),t(21)(q22),t(20)(p12),4(8)(p12) 64 F AE
AE 24 t(8)(q22),t(21)(q22) 54 M AE
AE 25 t(8)(q22),t(21)(q22) 39 M AE
AE 26 t(8)(q22),t(21)(q22) 31 M AE
£(8)(922),4(21)(q22),1(1)(p22),t(1)(q23),t(11)(q12),t(3)(q21).(
AE 27 5)(q33).1(14)(q22) 43 M AE
del(1)(q21),del(1)(q31),t(3)(p21),t(6)(q21),t(3)(q26),t(13)(q21
AE 28 ),t(8)(q22),t(21)(q22),del(13)(q21) 73 F AE
AE 29 t(8)(q22),t(21)(q22) 26 F AE
AE 30 t(8)(q22),t(21)(q22),-Y,+6 44 M AE
AE 31 t(8)(q22),t(21)(q22),-Y 61 M AE
AE 32 1(8)(q22),t(21)(q22),t(1)(p22),t(3)(q21) 41 M AE
AE 33 t(8)(q22),t(21)(q22) 53 M AE
AE 34 1(8)(q22),t(21)(q22),+8,del(9)(q22),del(9)(q34) 44 F AE
AE 35 t(8)(q22),t(21)(q22),t(4)(q12),t(16)(q11),del(9)(q11),-13 28 M AE
AE 36 (8)(q22),t(21)(q22),6(7)(q31),t(11),+15 36 M AE
AE 37 1(8)(q22),t(21)(q22),-X 60 F AE; FLT3 LM
AE 38 t(8)(q22),t(21)(q22) 41 M AE
1(8)(422),421)(q22),-Y, t(4)(q11),1(20)(p13),
AE 39 t(3)(p24),4(11)(q23),4(2)(q37),t(6)(q23),4(7)(q22),t(9) 62 M AE
(422),1(15)(q24)

AE 40 %(8)(q22),t(21)(q22),del(9)(q22) 33 M AE
AE 41 1(8)(q22),1(21)(q22) 52 M AED;gClIéH
AE 42 (8)(q22),(21)(q22),+8 57 M AE
AE 43 t(8)(q22),t(21)(q22) 65 F AE




1(8)(q22),t(21)(q22).-

AR Y@ DACONPIB)p24)(11)(a23) 2 M AR
AE 45 1(8)(q22),421)(q22),-7 62 F AE
AE 46 1(8)(q22),421)(q22),+8 65 F AE
AE 47 1(8)(q22),4(21)(q22).del(7)(q31) 7o F AED;gcllng
AE 48 1(8)(q22),421)(q22) 45 | F AEI;SCI%IT
AE 49 %(8)(q22),t(21)(q22),-Y 78 M AE
AE 50 %(8)(q22),t(21)(q22),-X 38 F AE
AE 51 (8)(q22),t(21)(q22),del(7)(q32) 45 F AE
AE 52 %(8)(q22),t(21)(q22),-X,-9,-14,-16 32 F AE
AE 53 %(8)(q22),t(21)(q22),-X 59 F AE
AE 54 not characterized in detail; not enough metaphases 50 F AE
AE 55 %(8)(q22),t(21)(q22),-X 29 F AE
AE 56 %(8)(q22),t(21)(q22)dup(9)(p13;q13),+19 72 M AE
AE 57 1(8)(q22).4(21)(q22),-Y 20 M AE
AE 58 t(8)(q22).t(21)(q22),-Y 60 M AE
AE 59 1(8)(q22).t(21)(q22),-X 24 F AE
AE 60 1(8)(q22).t(21)(q22),-7,+1 52 F AE
AE 61 1(8)(q22),t(21)(q22) 66 F AE,NRAS
AE 62 1(8)(q22),t(21)(q22) 44 M AE
AE 63 %(8)(q22),t(21)(q22) 33 F AE
AE 64 1(8)(q22),421)(q22),-Y 46 M AE
AE 65 %(8)(q22),t(21)(q22) 45 F AE
AE 66 not characterized in detail; not enough metaphases 36 F AE
AE 67 1(8)(q22),1(21)(q22),-X 69 F AE
AE 68 t(8)(q22),t(21)(q22),+8,+9 76 M AE
AE 69 1(8)(q22),1(21)(q22),-X 37 F AE
AE 70 t(8)(q22),4(21)(q22) 62 F AE

FLT3-LM = fms-like tyrosine kinase receptor-3 length mutations); NRAS = neuroblastoma RAS viral oncogene
homolog; F = female, M = male




Table S2: Characteristics of evaluable transplanted mice (related to figure 3)

b |

Retroviral Day of | RBCs/m | WBCs/ SP size | SP % BM | % SP | Diagnosis
construct sacrifice 1x10° ml x 10° (mm) Weight Blasts | Blasts
(mg)
#1 GFP 90 4.5 11 13x4 52.2 1 0 No disease
#2 GFP 275 5.5 14x3 135 0 1 No disease
#3 GFP 119 5.2 5 15x4 167 3 1 No disease
#4 AE 90 1.26 23 27x5 400 n.d n.d No disease
#5 AE 178 2 5.2 20x4 270 n.d 0 No disease
#6 AE 126 7 16 23x6 260 No disease
#7 AE 90 8 13 18x3 223 0 No disease
#8 AE9a 147 4 342 25x4 735 80 n.d AML
#9 AE9a 129 1.4 154 25x4 680 84 n.d AML
#10 AE/MEIS2 168 6.38 3.95 23x7 484 18 41 AML
#11 AE/MEIS2 281 5.47 2.45 24x5 570 42 58 AML
#12 AE/MEIS2 274 1.64 3.58 30x9 917 21 57 AML
#13 AE/MEIS2 171 0.84 161 24x4 641 74 n.d AML
#14 AE/MEIS2 150 1.1 250 23x3 451 71 n.d AML
#15 AE/MEIS2 119 2.6 21.2 25x4 594 80 67 AML
#16 AE9a/ 76 nd nd 25x7 639 60 70 AML
MEIS2
#17 AE9a/ 124 2.1 22.12 26x4 691 33.7 nd AML
MEIS2
#18 AE9a/ 102 1.2 14.16 25x5 585 54 68 AML
MEIS2




Table S3: Immunophenotype of diseased mice (n=3) (related to figure 3)

AML1-ETO/MEIS2*
BM

Mean SEM
Grl* 23.23 1.07
Macl® 6.21 3.14
Gr1*/Macl* 36.20 17.70
Scal® 4.65 2.75
c-kitl* 28.57 7.25
Scal*/c-kit1* 5.40 3.09
Ter119* 1.31 0.68
B220" 4.30 1.89
CD4" 17.26 10.69
CDS8" 0.68 0.29

*the percentage of each cell surface marker is derived from cells that were gated for GFP/YFP positive cells.

Table S4: List of all excel sheets as a tabular form

Microarray data: List of log, fold differentially regulated probesets of BM expressing both AE and Meis?2
compared to empty vector control GFP A) Probesets belonging to AE/MEIS2 vs GFP B) AE vs GFP C)
Meis2 vs GFP and D) AE vs AE/MEIS2

Sheet 1-4

Gene Set Enrichment Analysis (MsigDB ver 5.0) of microarray data for AE and AE/MFEIS2 BM: A) GSEA
analysis for oncogenic signature for AE BM B) GSEA for oncogenic signature for AE/MEIS2BM

Sheet 5-6

ChIP-Seqencing: A) List of peak scores of Kasumi SCR and B) Kasumi shMEIS2 generated by ChIP-
Seqencing (see separate excel file). The peakscores belong to the promoter binding regions of 1kb
upstream and 100bp down of the transcriptional start site (TSS).

Sheet 7-8

List of differentially expressed genes after MEIS2 knock-down in Kasumi cells compared to the
scrambled control as determined by RNA-Seq (see separate excel file)

Sheet 9

KEGG pathway analysis of differentially expressed genes. Differentially expressed genes in Kasumi cells
after shRNA mediated MEIS2 knockdown versus the scr control, obtained from the RNA-Seq data set.
The list shows only those pathways with at least 5 differentially expressed genes (see separate excel file).

Sheet 10

List of genes with loss of expression after MEIS2 knockdown in Kasumi cells as determined by RNA-Seq
(see separate excel file).

Sheet 11




Table S5: Percent de novo motifs as well as weaker motifs derived from Chip-Seq analysis performed for Kasumi-1
scrambled and knockdown MEIS2 cells (related to figure 5).

Kasumi scrambled / Known searched motifs predicated by HOMER

Rank Motif P-value % of Targets | Best Match/Details
A G RUNX(Runt
1 TGIG _|c| TS 1e-628 44.32% (Runt)
< - MA0098.1_ETSI
2 fgi?ITCQZs; le-475 45.25% -
GG ol MA0102.2_CEBPA
3 A [TRCRSAA 16-92 19.65% -
4 CAACSARS le-91 62.41% GAMYB(MYB)
5 TFACTGAZR< 16.70 8.31% HIF 1b(HLH)
6 CACCT( XX le-49 35.66% MyoG(HLH)
P ' —
SeqBias: polyA-
7 INRRRRRRE AL 1e-30 2.20% repeat
8 A (ol AA 16229 22 68% MA0056.1 MZF1
Run/dmmpmm(Papat
? sE,_CA _A-,_A- I;._— le-22 3.01% ! ser?ko) (Fep

10 ATCTC C A _A le-14 0.22% ZBTB33
11 GCAAAAAGCCGX le-12 0.20% kni




Kasumi shMEIS2 de novo searched motifs (weaker motifs)

Rank Motif P-value % of Targets | Best Match/Details
1 TG T;%gﬁ le-1739 65.38% RUNX(Runt)
2 CCAQTTCCI-.-EC le-1498 51.89% MAO0080.2_SPI1
3 cc A CT _'_ T 16203 27.64% Atoh1(bHLH)

Co e A

4 TTaCESAASS le-191 2133% | MA0102.2_CEBPA
5 1e-179 12.90% MA0022.1 dl 1
6 le-164 7.93% Jun-AP1(bZIP)
7 1e-96 554% | MA0334.1 MET32
8 le-58 8.57% MAO0410.1_UGA3




Table S6: List of top ranked genes from ChIP-Seq with changes in AE DNA binding occupancies (peak values)
after MEIS2 knockdown in Kasumi cells (related to figure 5).

KSCR* | KshMEIS2

SIRPB?2 9.8 15.9
GSK3a 3.7 13.2
CREBI 5.7 17.8
FLT3 35 11.3
ASXLI 24 16.8
ASXL?2 7.3 17.6
HOMERI 8.7 12.5
MAPK6 4.9 11.1
MDM?2 7.1 12.8
CDKN2AIPNI | 6.1 9.9

HMGAI 9.8 18.5
TAFI10 4.9 15.9
Mir-155 4.7 12.7
CBLL 8.7 20

*AE binding to these genes in the scrambled control arm did not meet the defined criteria for binding.

Table S7: KEGG-DAVID pathways*

Category Term Count % P-Value Fold Enrichment
KEGG PATHWAY hsa03010:Ribosome 62 8.4 7.31E-54 10.81729285
KEGG PATHWAY hsa00010:Glycolysis / 11 1.4 0.00515396 2.782835821

Gluconeogenesis
KEGG PATHWAY hsa04142:Lysosome 16 2.1 0.009072068 2.075774971
KEGG PATHWAY hsa04520:Adherens 12 1.6 0.01112115 2.365574724
junction
KEGG PATHWAY hsa04910:Insulin 17 2.3 0.014794146 1.911442786
signaling pathway
KEGG PATHWAY hsa00480:Glutathione 9 1.2 0.01510226 2.732238806
metabolism
KEGG PATHWAY hsa05014:Amyotrophic 9 1.2 0.021028673 2.577583779
lateral sclerosis (ALS)
KEGG PATHWAY hsa05130:Pathogenic 9 1.21 0.031269501 2.396700707
Escherichia coli infection
KEGG PATHWAY hsa04810:Regulation of 22 29 0.042042053 1.553210691
actin cytoskeleton
KEGG PATHWAY hsa04612:Antigen 11 1.4 0.043953826 2.011688545
processing and
presentation
KEGG PATHWAY hsa00620:Pyruvate 7 0.94 0.04436305 2.656343284
metabolism

*Comparison between MEIS2sh versus Scr Kasumi cells based on RNA-Seq




Table S8: List of selected genes with significant changes in expression and AE binding after MEIS2 knockdown.
(related to figure 5)

RNA-Seq ChIP-Seq
(FPKM) (binding occupancies/
peak values)
Gene id SCR shMEIS2 Fold change (log,) p_value SCR shMS2
CD34 64.3095 80.03 0.315583 0.000296 4.90 5.30
ETVe6 20.773 25.16 0.276654 0.002274 17.00 25.00
HMGAI 336.626 268.82 -0.324494 0.000207 9.80 18.50
ICAM1 4.01394 1.52 -1.39637 0.000782 7.30 20.20
IGFBP2 101.188 80.10 -0.337185 0.000802 2.40 6.90
KIT 140.996 173.10 0.29593 3.83E-06 21.80 44.30
MPO 5743.32 7663.06 0.416036 0 17.50 45.10
NUCB2 133.585 187.48 0.489013 1.77E-11 18.40 25.50
PRDMS8 48.1844 33.08 -0.542755 3.21E-05 23.60 16.10
TRIB1 10.3546 6.67 -0.635102 0.001671 18.50 38.60
TXNIP 188.487 146.74 -0.361244 3.18E-10 3.40 5.70




Supplemental experimental procedures
Hematopoietic stem and Progenitor cell isolation

Bone marrow (BM) cells were isolated from femora and tibiae of 8-10 week old mice and suspended in Hank’s
balanced salt solution (HBSS) (Gibco) with 10% fetal bovine serum (FBS) (PAN), 2% Penicillin
(5000U/ml)/Streptomycin (5000ug/ml) (PAA). Mononuclear cells were isolated by low density centrifugation
(Histopaque 1083, Sigma). Low density mononuclear cells were incubated with CD16/CD32 (clone 2.4G2) antibody
followed by a cocktail of biotinylated antibodies containing: anti-CD11b (clone M1/70), anti-B220 (clone RA3-
6B2), anti-CD5 (clone 53-7.3) anti-Gr-1 (clone RB6-8C5), anti-Ter119, anti-CD8a (clone 53-6.7) (all from BD
Pharmingen); Cells were subsequently incubated with anti-Sca-1 (clone D7) (eBioscience), anti-ckit (clone 2B8)
(BD Pharmingen), CD34 (cloneRAM34) (ebioscience), FLk-2 (clone A2F10) (ebioscience), CD127 (clone A7R34)
(ebioscience), Streptavidin- FITC (BD Pharmingen). Lineage negative cells were isolated by yield sort on a
modified 4-laser (405nm, 488nm, 561nm, 633nm) FacsArialll. Hematopoietic lineages were sorted for purity on a
FacsAria III (BD Biosciences) as follows: HSC (Lineage’, ckit’, Sca-17, CD34", FLK-2")(Wang et al., 2005), CLP
(Lineage’, ckit®¥, Sca-1'%, FLk-2", CD127"), CMP (Lineage’, ckit’, Sca-1-, CD34", CD16/CD32"")(Karsunky et al.,
2008) , GMP (Lineage’, ckit’, Sca-1,, CD34", CD16/CD32"), MEP (Lineage’, ckit', Sca-17, CD34", CD16/CD32’
)(Akashi et al., 2000).

PCR

Expression of MEIS2, AMLI-ETO, ETO, RUNXI and YESI were assayed by TagMan® real-time quantitative
polymerase chain reaction (real-time qRT-PCR) in total human bone marrow (BM), in AML cell lines and in t(8;21)
positive samples as well as from sorted subpopulations from t(8;21) positive AML cases. Human and murine
Tagman probes will be provided on request. The relative expression of each gene to the house keeping gene (TBP)
was determined by calculating fold change (2*“"). For linker-mediated PCR (LM-PCR), integrated long-terminal
repeats (LTRs) and flanking genomic sequences were amplified and then isolated using a modification of the bubble
LM-PCR strategy as previously described (Deshpande et al., 2006; Schessl et al., 2005).

shRNAs, siRNA, cell cycle and apoptosis assay

For stable sShRNA mediated knock-down of endogenous MEIS genes, PLKO.1 based lentiviral vectors were used:
PLKO.1 empty vector (SHCO001), PLKO.l scrambled (SHC002), PLKO.1-shMEIS2 (TRCN0000016044,
TRCNO0000024058, TRCNO0000024060, GenBank accession no.NM 002399.2), PLKO-1 —shYESI
(TRCN0000001611 & TRCNO0000010006), PLKO-1-shETO (TRCN0000013666 & TRCNO0000013667;
NM_004349.2), PLKO-1-shYesl (TRCN0000339084 & TRCN0000339152; NM 009535.2) (all these validated
shRNA’s were obtained from Sigma-Aldrich). shRNA mediated knock-down in human cell lines was achieved
following the experimental procedure as described previously (Rawat et al., 2010).

siRNA against MEIS2 was performed by using human MEIS2 Accell smart pool siRNA (GE Healthcare
Dharmacon, E-011330-00-0005) on human primary AE positive cells. Non-targeting control siRNA was used as
control. 5x105 cells were plated in technical triplicates along with siRNAs in a 96 well plate and incubated at 370 C.
After 72 hrs the cells were collected and washed; a part of the cells were taken for RNA isolation and measured for
MEIS2 KD. 3300 cells were plated in methylcellulose and CFC colonies were counted at day 14 and pooled for
determining average absolute cell numbers per colony.

Both cell cycle and apoptosis assays were performed on day 6 of the liquid proliferation assay. Cell cycle analysis
was performed after synchronizing the cells (starving with 0.1% RPMI) for 16hrs and 24hrs later flow cytometry
was performed by using the APC Brdu flow kit (BD Pharmingen cat#:51-900009AC) and apoptosis assay was
performed by using the FTC annexin V apoptosis detection kit (BD Pharmingen: cat#:556547) and were analysed
with a FACS Fortessa. For the AE knock down experiments, cells were transduced with shRNA against AE and
scrambled control (avg. transduction efficiency 52.6+6.24SEM for SCR and 64.9+9.38SEM for shAE). GFP cells
were sorted and analysed 6days after transduction.

Retroviral and expression plasmids

MSCYV based retroviral vectors were used for overexpression AE and Meis2 (Schessl et al., 2005). The Meis2
construct were purchased from Genecopoeia, Rockville, USA)(Figure S4A). The following AE mutants were used
and sub-cloned into the MSCV based retroviral vectors: AE L148D (inactivating the DNA binding domain, by
substituting the leucine (L) residue at the DNA binding region of AML1 by aspartic acid (D), AE ATAF (deleting the
TAF/NHR1 domain), AE 4540 (deleting the C-terminal stretch from aa 541 to aa 752)(all constructs kindly provided
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by Scott W. Hiebert, Vanderbilt University, Tennessee, USA)(Figure S4B). All AE constructs were sub-cloned into
the GFP vector, Meis2 into the YFP vector. Meis2 was also subcloned into mCherry vector for CFU-S assays.

The expression plasmid pcDNA3-F3-AMLI1/ETO was described previously (Denissov et al., 2007; Salat et al., 2008).
For co-immunoprecipitation experiments pcDNA3-GFP-Meis2 was made as follows: YFP-Meis2 was digested with
EcoRI and Xhol. The insert was purified and ligated into the corresponding sites of pcDNA3-GFPoStp, pcDNA3
(Invitrogen) and pcDNA3-FLAGI, respectively, resulting in pcDNA3-GFP-Meis2, pcDNA3-Meis2 and pcDNA3-
FLAGI1-Meis2. The GFP-tag of pcDNA3-GFP-Meisl and pcDNA3-GFP-Meis2 was exchanged by mRuby after
digestion with Acc65I and EcoRI resulting in pcDNA3-mRuby-Meis] and pcDNA3-mRuby-Meis2. The Runt domain
of AE (aa 1 to 185) was amplified by PCR using pcDNA3-F3-AE as a template and the primers T7L (5-ATT A A
TACGACTCACTATAGGGGGAGACC-3") and Runt Domain (5-GCCTCGAGTCAGGAG
TGCTTCTCAGTACGATTTTT C G-3). The PCR product was digested with EcoRI and Xhol and ligated
into the corresponding sites of pcDNA3-F3, resulting in pcDNA3-F3-Runt. The expression construct pcDNA3-AE-
GFP was digested with Xhol and EcoRI to excise the GFP cDNA. pMSCV-Meis2-IRES-YFP was digested with
EcoRI and Xhol. The insert was ligated into the corresponding sites of pcDNA3-GFPoStp (Wacker et al., 2011)
resulting in pcDNA3-GFP-Meis2. This construct was digested with BamHI/Xbal, blunted and re-ligated resulting in
pcDNA3-GFP-Meis2 (1-372). The other GFP-Meis2 deletion constructs were made by PCR assisted cloning into the
EcoRI/Xbal sites of pcDNA3-GFP-Meis2 using the following primers and GFP-Meis2 as a template: pcDNA3-
GFP-Meis2 (1-337), Meis2 GFP UP - C TCGGCATGGACGAGCTGTACAAG3),
Meis2 337 DO(5-CGTCTAGATTAGGGCTGCACTATTCTTCTTCTGG C-3), pcDNA3-
GFP-Meis2 (69-470), Meis2 69 UP,(S-CGGAATTCGTCAACGACGCCTTGAAAAGAG-3),
Meis2 DO, (5-CGTCTAGACTATTGGGCATGAATGTCCATA A C-3") and pcDNA3-GFP-
Meis2 (275-470), Meis2 69 UP, 5-CGGAATTCGTCAACGACGCCTTGAAAAGAG-3),
Meis2 DO. The Runt domain of AMLI1/ETO (aa 1 to 185) was amplified by PCR using pcDNA3-F3-AMLI1/ETO
as a template and the primers TTL (5-ATTAATACGACTCACTATAGGGAGACC-3)and
Runt Do(5-GCCTCGAGTCAGGAGTGCTTCTCAGTACGATTT C G-3). The PCR product
was digested with EcoRI and Xhol and ligated into the corresponding sites of pcDNA3-F3, resulting in pcDNA3-F3-
Runt. Co-immunoprecipitation with these constructs was performed as described for the analysis of the AE/MEIS
interactions. In another approach, CFU-S assay was performed using the same pGEM-11z-FLAG Meis2 mutant (69-
470) construct that was sub-cloned into MSCV-IRES-YFP constructs. The AE9a (MigR1-AE9a) plasmid used for
the bone marrow transplantation assay was a gift from Dong-Er Zhang (Addgene plasmid # 12433) (Yan et al,,
2006). The lentivirus expression construct for knockdown of AE was cloned into pGreen puro vector (System
Biosciences, California, USA) by using siRNA sequences specific for the AE junction region as previously shown
(Spirin et al., 2014).

Retroviral transduction and BM transplantation

Stable packaging cell lines were generated for the different constructs and used for BM experiments as reported
previously (Deshpande et al., 2006; Schessl et al., 2005). 5-FU BM was transduced with GFP (control), Meis2, AE
alone or with Meis2. Successfully transduced BM cells were sorted for GFP, YFP and transplanted into lethally
irradiated (0.85 Gy) recipients. Unsorted cells were transplanted in the case of AE and Meis2 co-transduction. As
donor mice > 12-week-old (C57Bl/6Ly-Peb3b x C3H/Hel]) F1 (PebC3) mice, as recipients > 8-12 week old
(C57BI/6] x C3H/Hel) F1 (B6C3) mice were used. The number of transplanted transduced cells ranged from 3x10°
to 5x10° per mouse. In experiments with co-transduced BM cells, a total of 5x10°-1x10° and 2x10° unsorted cells per
mouse were injected for AML1/ETO plus MEIS2, respectively. The median proportion of GFP/YFP double positive
cells was and 5 % (1% - 8%) for AE plus MEIS2. Lethally irradiated secondary recipients (0.85 Gy) were injected
with 10° BM cells from a primary diseased mouse and an equal number of non-transduced BM cells from a
syngeneic healthy animal. Colony forming unit assay (CFU) spleen assay was performed by BM transplantation as
mentioned above using stable packaging cell lines. GFP/YFP positive BM cells expressing GFP, MEIS2, AE,
AE/MEIS2 were transplanted into lethally irradiated mice. For experiments involving the MEIS2 mutant(69-470), 5-
FU treated BM cells were transduced after spin infection (2500RPM for 45min) with VCM coated on retronectin
(1pg/pl concentration). Highly purified GFP/YFP/mCherry positive cells were sorted and transplanted into lethally
irradiated mice (1.1Gy). For the delta CFU-S assay, GFP/YFP cells were sorted and propagated one week in liquid
culture for 7 days. After that day O equivalent cell numbers were transplanted into lethally irradiated mice as
indicated. Mice were sacrificed after 12 days and analysed for spleen colonies. Additional mouse transplantation
experiments were performed co-expressing AE9a and MEIS2 in murine BM cells with transduction efficiencies with
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median of 4.3% (range of 10.8% -4.3%) for AE9a and 2.5% to 0.8% for AE9a/MEIS2 and injected 1x10° cells per
mouse. All the sorting were tested for purity after sorting with more than 95% purity.

Flow cytometry, cell morphology and histopathology analyses

Immunophenotypic analysis of murine single-cell suspensions was performed using a FACS Calibur flow cytometer
(Becton Dickinson) and Cell Quest software (Becton Dickinson) as previously described (Deshpande et al., 2006).
Antibodies used for fluorescence activated cell sorting (FACS) were labelled with phycoerythrin for Gr-1, CD11b
(Mac-1), Sca-1, Ter119, CD4, CD19, and allophycocyanin for CD11b (Mac-1), CD117 (c-kit), B220, and CD8 (BD
Pharmingen, Heidelberg, Germany). In t(8;21) positive patients (n=3) and healthy individuals (n=3) highly purified
subpopulations stained for CD347/CD38, CD34"/CD38" and CD34/CD38" (BD Pharmingen, Heidelberg,
Germany) were sorted using FACS Aria III.

Cell morphology was analysed on cytospins from 5x10*1x10° cells isolated from BM, spleen and PB stained with
Wright-Giemsa. For histologic analyses, sections of selected organs were prepared and stained using standard
protocols as previously described (Rawat et al., 2008; Schessl et al., 2005). Immunohistochemistry was performed
on an automated immunostainer (Ventana Medical Systems) according to the company’s protocols for open
procedures with slight modifications. The antibody panel used included CD3 (SP7; Thermo Fisher Scientific),
CD45R/B220 (BD), MPO (Neomarkers) and Tdt (Dako).

Co-immunoprecipitation (Co-IP) and Western blotting

Co-immunoprecipitation (Co-IP) experiments were carried out as described previously (Martens et al., 2010;
Wacker et al., 2011). Briefly, 24 hours after transfection cells were lysed with 700 ul CHAPS lysis buffer. The
extracts were incubated with 40 pl agarose-conjugated anti-FLAG antibody (M2, Sigma) at 4°C overnight. The
precipitates were washed 6 to 8 times with CHAPS lysis buffer and finally resuspended in SDS-polyacrylamide gel
loading buffer. For Western blotting the proteins were resolved in SDS-polyacrylamide gels and transferred
electrophoretically at room temperature to PVDF membranes (Millipore) for 1 h at 50 mA using a Tris-glycine
buffer system. After blotting the membranes were pre-blocked for 1h in a solution of 3% milk powder in PBS-T
(0.1% Tween 20 in PBS) before adding antibodies. The following antibodies were used: anti-GFP (7.1/13.1, mouse
monoclonal IgG, secondary antibody peroxidase conjugated sheep anti-mouse IgG, NA931V, GE healthcare), anti-
FLAG (M5, Sigma; secondary antibody, NA931V, GE healthcare), anti-ETO (goat polyclonal IgG raised against the
C-terminus of ETO, sc-9737, Santa Cruz; secondary antibody peroxidase-conjugated rabbit anti-goat IgG, Jackson
Immuno Research), anti-PEBP2B/CBFf (rabbit polyclonal IgG raised against amino acids 1-182 of full length
PEBP2B, sc-20693, Santa Cruz; secondary antibody peroxidase-conjugated donkey anti-rabbit IgG, GE healthcare),
anti-MEIS2 (mouse monoclonal IgG, raised against recombinant MEIS2 of human origin, sc-81986, Santa Cruz;
secondary antibody, NA931V, GE healthcare). Immunoprecipitation of YES1 was performed according to the
manufacturer’s protocol (Pierce TM classic magnetic IP; co-IP Kit, Pierce Biotechnology, Rockford, IL, USA),
using the mouse monoclonal anti-YES1 antibody (BD biosciences) and secondary antibody goat anti - mouse 1gG-
HRP (SC-2005); p-YES1 was detected by using rabbit polyclonal anti-p-c-YES1 (tyr537) (SC-130182) and
secondary antibody goat anti - rabbit I[gG-HRP (SC-2030). Mouse serum (M5905 from Sigma-Aldrich) and goat
serum (G9023 from Sigma-Aldrich) were used instead of the anti-YES1 antibody for IP and as IgG control. All
proteins were detected by using Amersham ECL western blotting detection reagent (RPN2124), for YESI
Amersham ECL prime western blotting detection reagent (RPN2232) was used (both from GE Health Care Life
Sciences). Immunoprecipitation for AML1-ETO in SKNO-1 cells was performed by using anti-ETO (rabbit:Abcam;
ab124269) and probed with either anti-ETO (rabbit: Abcam; ab124269) or anti-AML1 (rabbit: Cell signaling;
#4334). As secondary antibody goat anti - rabbit [gG-HRP (SC-2054) was used. The membrane was further probed
for MEIS2 interaction by anti-MEIS2 (Abcam; ab174270) and clean-IP detection reagent HRP (Thermo
scientific#21233). Western blotting for detection of MEIS2 (rabbit; Abcam; ab174270) was performed by using
primary antibodies and appropriate secondary antibodies. Similarly, knockdown of MEIS2 in Kasumi-1 and Yes1 in
leukemic mouse BM was performed by using ani-MEIS2 (rabbit: Abcam; ab174270) and anti-Yesl (BD
biosciences) with B-ACTIN (Mouse: SC-4778) and p44/42 MAPK (ERK1/2) (rabbit; cell signaling 4695) as
housekeeping controls.

Microarray analyses

Transduced BM cells expressing AE/GFP, Meis2/YFP and GFP alone (control), and cells co-expressing AE plus
Meis2 were sorted for GFP, YFP or co-expression of GFP/YFP, respectively. 24 hrs after sorting RNA was isolated
with the RNeasy micro kit (Qiagen) according to manufactures instructions for microarray analyses. Microarray
analyses were performed using AffymetrixGeneChip Mouse Gene 1.0 ST as previously described (Deshpande et al.,
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2011). Gene Set Enrichment Analysis (GSEA) of these BM samples for oncogenic signature was performed using
published data from MsigDB (ver 5.0) (Subramanian et al., 2005).

Drug Studies

ICs, values for Dasatinib ((BMS-354825; Bristol-Myers, New Jersey, USA) were calculated by treating 2x10° cells
in culture with 0.01% DMSO as control, 100nm, 1000nm and 10pm Dasatinb dissolved in DMSO. Cells were
counted at 24hrs, 48hrs and 72hrs. ICsy values were calculated using R-statistical package. Log concentrations were
plotted against the probit values of ratio of dead cells. A linear regression model was fitted to find the relationship
between the concentration and probit values. The ICs, was then estimated from the generated model by extrapolating
the 50% probit value to the drug concentration.

Statistical analyses

Data were evaluated using the Student-f test for dependent or independent samples. Differences with P values less
than 0.05 were considered statistically significant. Values mentioned are Mean + SEM except for murine percent
survival and CFU-S (colony forming unit-spleen) colonies where median and range was used. PRISM Graph pad
software (La Jolla, California, USA) was used for the analysis and figures and FLOWJO (Tree Star Inc, Ashland,
OR, USA) to analyse the FACS plots. A p-value of less than 0.05 was considered statistically significant.
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