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SUMMARY
Chimeric transcription factors are a hallmark of human leukemia, but the molecular mechanisms by which
they block differentiation and promote aberrant self-renewal remain unclear. Here, we demonstrate that
the ETO2-GLIS2 fusion oncoprotein, which is found in aggressive acute megakaryoblastic leukemia, confers
megakaryocytic identity via the GLIS2 moiety while both ETO2 and GLIS2 domains are required to drive
increased self-renewal properties. ETO2-GLIS2 directly binds DNA to control transcription of associated
genes by upregulation of expression and interaction with the ETS-related ERG protein at enhancer elements.
Importantly, specific interference with ETO2-GLIS2 oligomerization reverses the transcriptional activation at
enhancers and promotes megakaryocytic differentiation, providing a relevant interface to target in this poor-
prognosis pediatric leukemia.
INTRODUCTION

Gene fusions found in human leukemia frequently involve loci en-

coding master regulators of transcription and chromatin modi-

fiers that control the self-renewal and differentiation properties
Significance

The ETO2-GLIS2 fusion is found in 20%–30% of de novo pe
response to chemotherapy. Our study reveals that ETO2-GLIS
of GATA/ETS transcription factor activity similar to that achieve
Down syndrome-associated AMKL), unraveling common mole
cancer. We also show that interfering with the NHR2 protein-int
of primary ETO2-GLIS2 human AMKL blasts. Together, our res
nents of the transcriptional machinery regulating the activity o
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of hematopoietic stem cells (HSCs). De novo acute megakaryo-

blastic leukemia (AMKL) is a genetically heterogeneous subtype

of acute myeloid leukemia (AML) characterized by gene fusions,

including the recently identified CBFA2T3-GLIS2 (also known as

ETO2-GLIS2), which is found in 20%–30% of patients and is
diatric acute megakaryoblastic leukemia (AMKL) with poor
2 as a single oncogenic hit results in a functional imbalance
d by two independent hits in other forms of AMKL (including
cular mechanisms in this genetically heterogeneous human
eraction domain of ETO2 efficiently inhibits the maintenance
ults demonstrate that ETO complexes are essential compo-
f enhancers and of the transformation processes driven by
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associated with poor prognosis (Gruber et al., 2012; Thiollier

et al., 2012). Although the molecular bases for transformation

by ETO2-GLIS2 are unknown, ETO2-GLIS2-positive AMKL

share similarities with pediatric leukemia presenting other

fusions (e.g., mixed-lineage leukemia [MLL] fusions), such as a

low mutational burden compared with other AML patients

(Gruber et al., 2012). This suggests that these fusions likely

represent the founder and sole genomic alterations in many

AMKL patients.

ETO2 is a member of the Eight Twenty One family of transcrip-

tional co-factors that includes ETO and MTGR1. ETO2 expres-

sion is essential for HSC maintenance and differentiation, and

plays a critical role in the development of megakaryocyte-eryth-

rocyte progenitors in vivo (Fischer et al., 2012; Leung et al.,

2013). ETO2 participates in high-molecular-weight complexes

with several transcription factors (including TAL1, RUNX1,

GATA, and ETS) that are able to both activate and repress

gene transcription to control HSC commitment toward the

erythroid and megakaryocytic lineages, depending on the co-

factors found in these transcriptional platforms (Bresnick et al.,

2012; Chyla et al., 2008; Dore and Crispino, 2011). In particular,

ETO2 represses the expression of erythroid genes (Hunt et al.,

2011; Meier et al., 2006; Soler et al., 2010; Stadhouders et al.,

2015; van Riel et al., 2012). During megakaryopoiesis, ETO2

reportedly represses gene expression to inhibit terminal differen-

tiation (Hamlett et al., 2008). The importance of ETO/GATA-

containing complexes for HSC homeostasis is also highlighted

by recurrent RUNX1-ETO or RUNX1-ETO2 fusions in AML, and

mutations of GATA1 (a master regulator of erythroid and mega-

karyocyte lineage development) in Down syndrome (DS) AMKL

patients (Wechsler et al., 2002).

The GLIS family zinc-finger protein 2 (GLIS2) is closely related

to GLI and ZIC Kr€uppel-like zinc-finger protein families, the tran-

scriptional activity of which is regulated in part by the Hedgehog

pathway (Lichti-Kaiser et al., 2012). The ETO2-GLIS2 fusion con-

tains most of GLIS2 protein, including its DNA-binding domain,

which comprises all five zinc-finger domains. GLIS2 is highly ex-

pressed in adult kidney, where it reportedly suppresses the Gli1-

activated transcriptome and maintains homeostasis, and is

mutated in human nephronophthisis (Attanasio et al., 2007).

Although GLIS1/2 factors have been proposed to support the

pluripotent stem cell state (Maekawa et al., 2011; Pells et al.,

2015; Yoshioka et al., 2013), their contribution to normal HSC

biology is unknown. Here, we dissected the functional contri-

bution of the ETO2 and GLIS2 moieties to ETO2-GLIS2-trans-

forming properties.

RESULTS

ETO2-GLIS2 Promotes Self-Renewal and
Megakaryocytic Differentiation
To define the effect of ETO2-GLIS2 and the contribution of

ETO2 and GLIS2 moieties on hematopoietic differentiation and

self-renewal, we transduced murine bone marrow progenitors

with ETO2-GLIS2-, ETO2-, or GLIS2-encoding retroviruses and

performed in vitro cultures. Expression of ETO2 increased the

number of Kit+ progenitors but not CD41+ megakaryocytic cells.

Expression of ETO2-GLIS2 andGLIS2 significantly increased the

number of both immature Kit+CD41+ and maturing CD41+CD42+
megakaryocytic cells compared with controls (Figures 1A and

1B) and correlated with transcriptional upregulation of megakar-

yocytic markers (Figure S1A). Importantly, the proportion of

CD41+CD42+ megakaryocytes was 3-fold higher with GLIS2

than with ETO2-GLIS2 (Figure 1B). Also, ETO2-GLIS2-express-

ingmegakaryocytes exhibited a reduction inmean ploidy relative

to ETO2, GLIS2, and control conditions, indicative of an impaired

megakaryocytic differentiation upon ETO2-GLIS2 expression

(Figure 1C). In replating assays, ETO2-GLIS2-transduced pro-

genitors showed a strong increase in self-renewal, while ETO2-

transduced progenitors maintained colony numbers over time

and GLIS2-transduced progenitors presented inconsistent

self-renewal properties (Figure 1D).

To associate cellular properties to functional domains, we then

generated two mutants of ETO2-GLIS2. ETO2-GLIS2C265G car-

ried a point mutation known to abrogate theDNA-binding activity

of GLIS2 (Vasanth et al., 2011). As opposed to ETO2-GLIS2,

ETO2-GLIS2C265G expression in murine hematopoietic progeni-

tors did not increasemegakaryocytic cells in vitro comparedwith

control (Figures S1B and S1C) indicating a role for GLIS2 DNA-

binding domain integrity in the megakaryocyte differentiation.

The other mutant ETO2dNHR2-GLIS2 lacks the NHR2 domain of

ETO2, which mediates interactions with other transcription fac-

tors and is required for the function of ETO family members

(Liu et al., 2006; Sun et al., 2013). Similarly to GLIS2 alone, mu-

rine hematopoietic progenitors expressing ETO2dNHR2-GLIS2

showed an increased number of maturing CD41+CD42+ mega-

karyocytic cells compared with those expressing ETO2-GLIS2

(Figures S1B and S1C), supporting the idea that the NHR2

domain restrains megakaryocytic differentiation of progenitors.

Importantly, ETO2-GLIS2C265G and ETO2dNHR2-GLIS2 repro-

duced the self-renewal properties of wild-type ETO2 and

GLIS2, respectively (Figure S1D and data not shown).

Together, these data indicate that the GLIS2 moiety of ETO2-

GLIS2 drivesmegakaryocytic differentiation, and that both ETO2

and GLIS2 moieties are required to promote the full self-renewal

and megakaryocyte differentiation blockage properties of the

fusion.

ETO2 and GLIS2 Moieties of ETO2-GLIS2 Contribute to
Massively Disrupt Gene Expression
To identify direct transcriptional targets of ETO2-GLIS2, we per-

formed global expression profiling on ETO2-GLIS2-, ETO2-, or

GLIS2-overexpressing cells 24 hr after transduction. For this,

we used HEL cells because they do not express endogenous

ETO2-GLIS2 (see the Experimental Procedures) and because

they are already blocked in differentiation, therefore limiting

the transcriptional changes only associated with engagement

of differentiation provided by the strongmegakaryocyte differen-

tiation effect of GLIS2. The ETO2-GLIS2 signature contained

3,798 differentially expressed genes that were significantly

correlated with a published ETO2-GLIS2 patient signature (Bour-

quin et al., 2006; Thiollier et al., 2012) (Figures 2A and 2B; Table

S1). It containedmost of the genes regulated by ETO2 (n = 1,125)

or GLIS2 (n = 1,173), and 2,405 genes were specifically deregu-

lated by the ETO2-GLIS2 fusion (Figure 2C). ETO2, GLIS2, and

ETO2-GLIS2 signatures showed enrichment of a previously re-

ported self-renewal/HSC module (Novershtern et al., 2011) (Fig-

ure 2D). Analyses with MSigDB gene sets showed deregulation
Cancer Cell 31, 452–465, March 13, 2017 453



Figure 1. ETO2-GLIS2 Increases Self-Renewal and Induces Megakaryocyte Differentiation In Vitro

(A) Representative flow cytometry analyses of megakaryocytic differentiation 4 days after transduction of wild-type murine bone marrow progenitors with ETO2-

GLIS2- (EG), ETO2- (E), GLIS2-expressing (G) cells, or empty vector (CTRL). Kit and CD41 expression analysis is gated on transduced (GFP+) cells. Right panel

(histogram) represents percentages of Kit+CD41+ cells as means ± SEM (n = 4).

(B) Representative flow cytometry analyses of CD41+ and CD42+ expression as in (A). Right panel (histogram) represents percentages of CD41+CD42+ cells as

means ± SEM (n = 4).

(C) Representative ploidy analyses of CD41+ megakaryocytes of the cells obtained as in (A). Right panel (histogram) represents the mean ploidy ± SEM of CD41+

megakaryocytes (n = 4).

(D) Absolute number of colonies upon serial replating of GFP+ bone marrow cells expressing ectopic ETO2-GLIS2, ETO2, GLIS2, or empty vector (CTRL) as

means ± SEM (n = 12: quadruplicates performed in three independent experiments). Cells were replated every 7 days for 4 weeks.

Statistical significance is indicated as p values (Student’s t test): *p < 0.05. See also Figure S1.
of transcription/DNA binding, ETO2 and AML1-ETO targets,

and of signaling pathways previously linked to megakaryocytic

malignancies (e.g., Notch, Hedgehog, TGFb) (Figure S2A).
454 Cancer Cell 31, 452–465, March 13, 2017
Interestingly, several transcriptional factors known to interact

with ETO2 were downregulated by the fusion, including GFI1B

(–2-fold), KLF1 (–7-fold), GATA1 (–9-fold), LYL1 (–12-fold), and



Figure 2. ETO2-GLIS2 Alters Expression of ETO2, GLIS2, and Fusion-Specific Target Genes

(A) Heatmap of deregulated genes upon expression of ETO2-GLIS2, ETO2, or GLIS2 compared with control (CTRL) HEL cells 24 hr after transduction (n = 4 per

group). A total of 3,799 genes are represented with fold-change >1.8 and p < 10�4.

(B) Dot plot of the commonly deregulated genes between the ETO2-GLIS2-induced signature obtained in HEL cells with the transcriptional signature of ETO2-

GLIS2 AMKL patients (n = 8) defined in previous studies (Bourquin et al., 2006; Thiollier et al., 2012). The correlation coefficient is indicated, the two-tailed

probability value associated is p = 0.017.

(C) Venn diagram comparing genes deregulated by ETO2-GLIS2, ETO2, and GLIS2 in HEL cells. The numbers of genes are indicated.

(D) Gene set enrichment analyses with expression data obtained upon ETO2-GLIS2, ETO2, and GLIS2 expression showing enrichment of a published dataset of

genes upregulated in hematopoietic stem cells (Novershtern et al., 2011). NES, normalized enrichment score.

(E) Expression of ERG and GATA1 transcripts in HEL cells expressing ectopic ETO2-GLIS2 (EG), ETO2, GLIS2, or empty vector (CTRL) (n = 4 per group, mean is

indicated). The dotted line represents their expression in CTRL cells. When the fold-change was >1.8, the p value compared with CTRL is indicated. ***p < 0.0001

(Student’s t test).

(F) Expression of ERG (probe no. 213541_s_at) andGATA1 (probe no. 210446_at) in different subsets of human AMKL (Bourquin et al., 2006; Thiollier et al., 2012),

including Adults (n = 12), ETO2-GLIS2 (EG) (n = 8), Down syndrome (DS) (n = 22), OTT-MAL (OM) (n = 4), and other pediatric (Others) (n = 11) AMKL. The p values

were calculated by comparing expression of the indicated gene in the ETO2-GLIS2 subgroup with its expression in all other AMKL subgroups. The center lines

show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th

and 75th percentiles. **p < 0.001, ***p < 0.0001 (Student’s t test).

(G) Activity of transcription factors in ETO2-GLIS2 (EG)-, ETO2-, GLIS2-, or empty vector (CTRL)-transduced HEL cells as in (A). The activity of transcription

factors was inferred by the ARACNe software using predicted targets of the transcription factors in the pediatric AML transcriptional network. Shown is the

enrichment score of the transcription factors activity with red showing higher activity.

(H) Western blots showing endogenous expression of ETO2-GLIS2, ETO2, ERG, and GATA1 in patient-derived MO7e cells compared with other human

megakaryocytic cell lines. Long (Lg) and short (Sh) forms of GATA1. The black arrow in the ETO2 upper panel indicates the ETO2-GLIS2 fusion. * indicates an

aspecific band. HSC70 was used as a loading control.

See also Figure S2.
NFE2 (–13-fold) (Figure 2E and Table S1). On the other hand, the

FLI1-related ETS factor ERG, a known megakaryocytic onco-

gene (Carmichael et al., 2012), was strongly upregulated upon
ETO2-GLIS2 and GLIS2 expression (+9.44- and +2.88-fold,

respectively) (Figure 2E). Importantly, ETO2-GLIS2 pediatric

AMKL showed a similar deregulation of ERG and GATA1
Cancer Cell 31, 452–465, March 13, 2017 455



expression compared with other AMKL patients (Figure 2F).

Genome-wide analyses using the ARACNe program (Margolin

et al., 2006) indicated an increased transcriptional activity of

ERG (assessed via the upregulation of predicted ERG gene tar-

gets), and a reduced transcriptional activity of GATA1 upon

ETO2-GLIS2, ETO2, and GLIS2 expression (Figure 2G). Neither

ERG nor GATA1 were deregulated to the same extent by

ETO2-GLIS2 mutants (Figure S2B). GATA1 downregulation

was not compensated by GATA2 upregulation, but GATA3

expression was increased in HEL and in AMKL patients (Figures

S2C and S2D). Finally, we confirmed the ERG/GATA1 imbalance

at the protein level in the patient-derived ETO2-GLIS2-express-

ing MO7e cell line (Figure 2H).

Together, these data show that ETO2-GLIS2 induces consis-

tent transcriptional signatures in human cell lines and patient

samples, including a dramatic imbalance in ETS/GATA factors.

ETO2-GLIS2 Genome-wide Target Loci Reveal ETO2
Complexes and GLIS2 Motifs
Next, we assessed the genome-wide DNA-binding pattern of

the endogenous ETO2-GLIS2. To specifically immunoprecipi-

tate the fusion protein, we used the CRISPR/Cas9 genome

editing system in patient-derived MO7e cells to add a C-termi-

nal GFP tag to the endogenous ETO2-GLIS2 (MO7e-knockin

[KI] cells, Figures S3A–S3F). ETO2-GLIS2 binding was as-

sessed by GFP and ETO2 chromatin immunoprecipitation

sequencing (ChIP-seq) realized in triplicate in MO7e-KI cells,

by ETO2 ChIP-seq in primary AMKL cells from two patients,

and compared with the ETO2 binding profile in another

leukemic context without ETO2-GLIS2 (HEL cells) (Figures 3A,

3B, S3G, and S3H). We defined a robust ETO2-GLIS2 binding

signature of 1,871 peaks that were common in GFP and ETO2

ChIP-seq in MO7e-KI cells (Figure 3A). A total of 1,261/1,871

peaks (67.4%) were also found in ETO2 ChIP-seq data from

patients (Figure S3I). Motif analyses of ETO2-GLIS2 peaks

identified DNA-binding motifs of several known ETO2 partners:

the transcription factors from the ETS (the ERG motif was

present at 71% of peaks, p = 1E�214), GATA, and RUNX fam-

ilies. Importantly, 15% and 52% of ETO2-GLIS2 peaks con-

tained G/C-rich motifs associated with GLIS2 or the closely

related ZIC member binding, respectively (Figure 3C). The pres-

ence of ETO2 partner motifs alone (32.5%) suggested a binding

of ETO2-GLIS2 via ETO2 complexes; however, most ETO2-

GLIS2 peaks (62.1%) contained both GLIS-related and ETS,

GATA, or RUNX motifs, suggesting a co-binding of the fusion

by GLIS2 and ETO2 complexes (Figure 3D). When compared

with previously reported ETO2 partners (FLI1, GATA1/2,

RUNX1, and TAL1) binding sites in normal megakaryocytes

(known loci), we found that 55% of ETO2-GLIS2 localization

corresponded to regions not bound in normal cells (de novo

loci) (Figures 3E and S3J) (Tijssen et al., 2011). By performing

ChIP-seq for ERG in MO7e-KI cells, we demonstrated a signif-

icant overlap with ETO2-GLIS2 both at known and de novo loci

(905/1,871 peaks, 48.2%, p = 2.1E�187) (Figures 3A–3C and

3E) consistent with our motif analyses.

Altogether, these data indicate that ETO2-GLIS2 binds DNA

through known ETO2 partners and through its GLIS2 moiety.

Importantly, there is a strong overlap between ETO2-GLIS2

and ERG binding sites in the genome, and an abnormal localiza-
456 Cancer Cell 31, 452–465, March 13, 2017
tion of ERG at loci specifically bound in ETO2-GLIS2

leukemic cells.

ETO2-GLIS2-Bound Genes Are Aberrantly Expressed
To identify how ETO2-GLIS2 binding is associated with tran-

scription, we first performed ChIP-seq against H3K4me3,

H3K27ac, and H3K27me3 modifications. ETO2-GLIS2 binding

was associatedwith H3K4me3-active (1,275/1,871 peaks) rather

than with H3K27me3-inactive (77/1,871 peaks) marks (Fig-

ure 3A). Next, we combined ETO2-GLIS2 ChIP-seq data with

transcriptional profiling (Figure 2). A total of 19.7% of ETO2-

GLIS2-bound genes were differentially expressed (data not

shown). Half of these ETO2-GLIS2-bound and deregulated

genes were specifically modulated by ETO2-GLIS2 fusion

(n = 156 genes); the other half were also deregulated in cells ex-

pressing ETO2 (n = 44), GLIS2 (n = 60), or both (n = 50) (Fig-

ure 4A). ETO2-GLIS2-bound genes corresponding to known

ETO2 complex loci were biased toward downregulation (86/

135 genes, p = 0.043), whereas genes associated with de novo

regions were significantly biased toward upregulation (75/126

genes, p = 0.029) (Figure 4B). Known ETO2 complex, but not

de novo loci were associated to ETO2-GLIS2 binding at tran-

scription start site (TSS) regions (Figure 4C).

Importantly, 72.5% of ETO2-GLIS2 peaks aligned with

H3K27ac peaks (1,358/1,871 peaks), a known chromatin mark

that defines enhancer (and super-enhancer [SE]) regions, and

associated with high activity of pioneer transcription factors

that control lineage-specific expression programs and onco-

gene activation (Adam et al., 2015; Groschel et al., 2014; Herranz

et al., 2014; Northcott et al., 2014; Whyte et al., 2013). Using the

ROSE algorithm (Loven et al., 2013; Whyte et al., 2013), we iden-

tified 483 SE regions common to three independent experiments

and the annotations of which led to 828 SE-associated genes

(Figure 4D; Tables S2 and S3). They included ETO2, ERG, and

KIT that were specific of MO7e in comparison with HEL and

significantly associated to a stem cell signature (Figures S4A

and S4B). ETO2-GLIS2 bound 35.4% of SE regions (Figures 4E

and 4F). Compared with all genes bound by ETO2-GLIS2, genes

associated with SE elements were significantly biased toward

upregulation. Of note, upregulation of ETO2-GLIS2-bound SE

genes was associated with de novo binding of the fusion (Fig-

ure 4G). Finally, ETO2-GLIS2-deregulated SE-associated genes

included genes also deregulated by ETO2 and/or GLIS2 (51.6%)

(Figure S4C).

These results demonstrate that ETO2-GLIS2 binding controls

gene expression, by repressing gene transcription at known

ETO2 complex loci, and by promoting gene transcription at de

novo loci, in close association with SE activity.

ERG Is Required for ETO2-GLIS2-Positive Leukemia
The observation that 1-ERG is upregulated by ETO2-GLIS2,

2-ERG is bound on chromatin together with ETO2-GLIS2, and

3-high ERG expression is associated with poor prognosis in

AML (Rockova et al., 2011), led us to define the functional impact

of ERG in ETO2-GLIS2 leukemia. We observed that 90% of

ETO2-GLIS2-bound SE regions also presented an ERG binding

(Figure 5A). Moreover, 219/483 SE regions were bound by

ERG alone, and strongly biased to an upregulation of the associ-

ated gene expression (Figures 5A and 5B). These data indicated



Figure 3. Genome-wide DNA Binding of ETO2-GLIS2

(A) Heatmap hierarchical clustering centered on ETO2-GLIS2 (GFP) binding identified by genome-wide ChIP-seq analysis in MO7e-KI human cells, and further

analyzed for occupancy by ERG, H3K4me3, H3K27ac, and H3K27me3 marks. Windows (20 kb) are shown.

(B) Illustrations of ChIP-seq peaks in two AMKL patient cells (ETO2), in MO7eKI cells (GFP, ETO2, ERG, H3K27me3, H3K4me3, and H3K27ac) and in normal

megakaryocytes (FLI1, GATA1, and RUNX1 obtained from the GSE24674 dataset; Tijssen et al., 2011) on the ETO2-GLIS2-targeted ETO2 and CALR genes. The

IGV software was used for the representation.

(C) Motifs analysis under the ETO2-GLIS2 peaks common in GFP and ETO2 ChIP-seq. Homer motif analysis with a cutoff p value of 10�30. ZIC and GLIS2 motifs

are from Homer de novo motif enrichment results. Motifs, associated transcription factors, p values, and percentages of peaks containing the motifs are

indicated.

(D) Distribution of ETO2-GLIS2 peaks (common to GFP and ETO2 ChIP-seq) in three categories.

(E) Pie chart illustrating distribution of ETO2-GLIS2 peaks that align with peaks of transcription factors associated with the ETO2 complex in normal MK (known

ETO2 binding) or not (de novo binding) and their overlap with ERG peaks in MO7eKI cells. Numbers of peaks are indicated.

See also Figure S3.
a role for ERG in transcriptional upregulation of SE-associated

genes in ETO2-GLIS2-expressing AMKL cells.

To functionally establish the role of ERG in ETO2-GLIS2 AMKL

cells, we first overexpressed ERG in HEL cells (as in Figure 2).

ERG overexpression alone altered expression of some genes

also deregulated in ETO2-GLIS2-expressing HEL (n = 450) and

in patient signatures (n = 23) (Figures S5A–S5C). To study the

cooperative role of ETO2-GLIS2 and ERG in gene expression,

we then used a CRISPR/Cas9-based inactivation approach to

obtain complete ERG knockout clones in HEL cells (sgERG

Cl10, Figures S5D and S5E) and investigated the expression of
KIT, one of the genes specifically deregulated by ETO2-GLIS2

(Figure 5C). Ectopic expression of ETO2-GLIS2 in control HEL

cells increased KIT cell-surface expression. In contrast, loss

of ERG completely abrogated this phenotype (Figures 5D

and 5E) indicating an essential role for ERG in ETO2-GLIS2-medi-

ated KIT expression. Then, to identify whether ERG is important

for ETO2-GLIS2 leukemic cell survival, we used the CRISPR-

mediated ERG inactivation in MO7e cells. ERG inactivation

strongly inhibited proliferation shortly after transduction, as

shownby thedecreasingcontributionofGFP+cellsover time (Fig-

ure5F). Finally,we transducedpatient-derived luciferase-positive
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Figure 4. ETO2-GLIS2 Controls Super-Enhancers -Associated Gene Expression and Self-Renewal

(A) Pie chart distribution of genes that are bound by ETO2-GLIS2 and deregulated by ETO2 and/or GLIS2 expression alone or specifically by the fusion. Numbers

of genes are indicated.

(B) Violin plot representation of the expression variation (fold-change) of all ETO2-GLIS2-bound and -deregulated genes then subdivided in two categories: ETO2-

GLIS2 binding at genes also bound by ETO2 complex in normal MK (known) or not (de novo). Wilcoxon test was realized, **p < 0.001. The dotted line represents

absence of variation, box limits indicate the 25th and 75th percentiles as determined by R software; horizontal black lines show the medians; whiskers extend 1.5

times the interquartile range from the 25th and 75th percentiles; polygons represent density estimates of data and extend to extreme values.

(C) Intensity profiles of GFP ChIP-seq data on gene bodies on ETO2-GLIS2-bound genes according to the two categories described in (B).

(D) Identification of MO7eKI super-enhancers (SE) based on H3K27ac ChIP-seq data.

(E) Pie chart illustrating the binding of ETO2-GLIS2 on MO7eKI SE regions.

(F) Intensity profiles of GFP ChIP-seq data on MO7eKI SE regions.

(G) Violin plot representation of the expression variation (fold-change) for all SE-associated genes and ETO2-GLIS2-bound SE genes belonging to the ‘‘known’’ or

‘‘de novo’’ categories. The dotted line represents absence of variation; box limits indicate the 25th and 75th percentiles as determined by R software; horizontal

black lines show the medians; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; polygons represent density estimates of data

and extend to extreme values. Up- and downregulation repartition and fold-change variation is illustrated (log scale). Wilcoxon test p values were calculated

compared with the same condition in (B): *p < 0.01, ***p < 0.0001; n.s., not significant.

See also Figure S4.
ETO2-GLIS2-expressing AMKL cells (AMKL7Luc) with a lentivirus

expressing Cas9-GFP and an ERG-targeting sgRNA (sgERG)

prior to transplantation into immunodeficient mice. Recipient

mice engrafted with sgERG-transduced blasts displayed lower

luciferase signals than controls 4 weeks post injection, indicating

that ERG knockout blasts were not able to survive or proliferate

in vivo (Figure 5G). Together, these data indicate that ERG is

essential for ETO2-GLIS2 target gene deregulation and survival

of ETO2-GLIS2-expressing human AMKL cells.

Maintenance of ETO2-GLIS2-Positive AMKL Depends
on the NHR2 Domain of ETO2
ETO proteins depend on the NHR2 domain for their ability to oli-

gomerize and recruit co-factors. This domain is also essential for

the self-renewal of AML1-ETO leukemic cells (Liu et al., 2006;
458 Cancer Cell 31, 452–465, March 13, 2017
Lutterbach et al., 1998; Sun et al., 2013; Wichmann et al.,

2010; Yan et al., 2009). It can be inhibited by the expression of

a peptide called NC128, which contains the NHR2 domain

(Wichmann et al., 2007, 2010). Therefore, we investigated

whether the ETO2-GLIS2 fusion dimerizes and interacts with

ETO2. Ectopically expressed GFP-tagged ETO2-GLIS2 in

MO7e cells readily pulled down the endogenous ETO2-

GLIS2 as well as wild-type ETO2, supporting the homo- and

heterodimerization processes (Figures 6A and 6B). Likewise,

the GFP-tagged endogenous ETO2-GLIS2 pulled down ETO2

in MO7e-KI cells (Figure 6C). In these cells, the NC128 NHR2

peptide pulled down both ETO2-GLIS2 and ETO2 (Figure 6C).

Importantly, NC128 expression reduced the interaction between

ETO2-GLIS2 and ETO2 (Figure 6C), supporting the idea that

NC128 competitively inhibits oligomerization of ETO2-GLIS2.



Figure 5. ERG Is Required for Human AMKL Expressing ETO2-GLIS2

(A) Venn diagram showing the overlap between ETO2-GLIS2-bound and ERG-bound SE regions in MO7e-KI. Numbers of SE regions are indicated.

(B) Violin plot representation of the expression variation (fold-change) for SE-associated genes bound by ETO2-GLIS2 or only by ERG and deregulated by ETO2-

GLIS2 expression. The dotted line represents absence of variation; box limits indicate the 25th and 75th percentiles as determined by R software; horizontal black

lines show the medians; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; polygons represent density estimates of data and

extend to extreme values. Up- and downregulation repartition and fold-change variation is illustrated (log scale). Wilcoxon test p value is indicated, **p < 0.001.

(C) Left: Expression of KIT transcripts in HEL cells transduced with ETO2-GLIS2 (EG), ETO2 (E), GLIS2 (G), or empty vector (CTRL) (n = 4 per group). The dotted

line represents their expression in CTRL cells. Right: Expression of KIT (probe no. Hs.479754) in different subsets of human AMKL (Bourquin et al., 2006; Thiollier

et al., 2012), including Adults (n = 12), ETO2-GLIS2 (EG) (n = 8), Down syndrome (DS) (n = 22), OTT-MAL (OM) (n = 4), and other pediatric (Others) (n = 11) AMKL.

The center lines show themedians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range

from the 25th and 75th percentiles.

(D) ERG expression assessed by qRT-PCR and western blots in parental HEL cells (CTRL clone 4) upon ETO2-GLIS2 expression (+) versus an empty vector (�).

MO7e cells were used as a positive control. A representative of three independent experiments is shown as mean ± SEM (n = 3).

(E) Fluorescence-activated cell sorting (FACS) analysis illustrating induction of KIT expression in HEL cells (CTRL clone 4) upon ETO2-GLIS2 expression. A

representative of three independent experiments is shown.

(F) Cell proliferation (left) or % of GFP-positive cells (right) of MO7e transduced with sgRNA against ERG (sgERG) or a vector containing only the Cas9 (CTRL)

assessed by trypan blue exclusion or FACS analysis, respectively. A representative of three independent experiments is shown as mean ± SEM (n = 3).

(G) Whole-body bioluminescence images of NSG mice injected with 0.25 million of patient-derived luciferase-positive ETO2-GLIS2-expressing AMKL cells

(AMKL7Luc) blasts transduced with ERG sgRNA or empty CTRL (n = 5 recipients per group). Means ± SEM of luciferase intensity (photons/second [p/s]) 4 weeks

after injection are indicated.

If not otherwise specified, statistical significance is indicated as p values (Student’s t test) calculated as comparedwith CTRL: *p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figures S5.
Strikingly, NC128 expression in MO7e cells decreased prolif-

eration, reduced cell-cycle progression, increased cell death,

induced higher CD41 expression, and was associated with sig-

nificant downregulation of ERG and upregulation of GATA1

expression (Figures 6D–6G). Through transcriptome analyses,

we showed that genes deregulated upon NC128 expression in
MO7e cells (Table S4) shared a significant overlap with genes

deregulated upon expression of ETO2-GLIS2 in HEL cells (951

genes, p = 2.2E�5). Moreover, this NC128 signature was nega-

tively correlated with the ETO2-GLIS2-positive AMKL patient

signature (Figures 6H and 6I). Also, genes associated with SE re-

gions, including those bound by ETO2-GLIS2 and ERG or by
Cancer Cell 31, 452–465, March 13, 2017 459



ERG alone, were globally downregulated, demonstrating that

expression of NC128 reversed the ETO2-GLIS2- and ERG-

driven expression signature (Figure 6J). Upon transduction of

NC128 in AMKL7Luc cells, we observed an increased expression

of maturing megakaryocytes markers in vitro compared with

control cells (Figure 7A). Transplantation of these cells into

immunodeficient mice showed that, although similar engraft-

ment and luciferase signals could be detected in recipients of

control and NC128-expressing cells at 6 weeks post injection,

the luciferase signals increased in control mice, which then suc-

cumbed rapidly, while NC128-expressing cell recipients showed

decreasing luciferase signals and no disease development

during 8 months of follow-up (Figures 7B–7E). Together, these

results demonstrate that the NHR2 interface is essential for the

establishment of ETO2-GLIS2 transcriptional alterations and

for the in vivo maintenance of human ETO2-GLIS2-expressing

AMKL cells.

DISCUSSION

A block in normal hematopoietic differentiation is one of the

hallmarks of human acute leukemia. Deciphering the molecular

bases for the differentiation arrest imposed by driver oncogenes

is required to develop more specific therapies. Here, we show

that ETO2-GLIS2 found in de novo pediatric AMKL with poor

outcome directly controls cellular identity and progenitor stem-

ness through alteration of the chromatin landscape in close as-

sociation with ERG. We demonstrate that the differentiation

block can be released by peptide interference, highlighting an

opportunity for therapeutic intervention.

Our results reveal that several AMKL subgroups share com-

mon molecular bases. Firstly, ERG is essential for hematopoietic

progenitor maintenance and stemness, is associated with poor

prognosis in AML (Batta et al., 2014; Knudsen et al., 2015; Mar-

cucci et al., 2005; Mazumdar et al., 2015), including MLL-AF9

leukemia (Stavropoulou et al., 2016), and is a knownmegakaryo-

blastic oncogene located on chromosome 21 (Carmichael et al.,

2012; Rainis et al., 2005; Salek-Ardakani et al., 2009; Stachura

et al., 2006; Stankiewicz and Crispino, 2009). However, the high-

est expression of ERG in the de novo pediatric AMKL group

(Malinge et al., 2012) was unexplained. Here, we show that

ERG is directly induced by ETO2-GLIS2, in a GLIS2-dependent

manner, and is functionally required for the survival of ETO2-

GLIS2 AMKL patient cells.

Secondly, GATA1 mutations are associated with DS-AMKL

(Wechsler et al., 2002) and with pediatric non-DS-AMKL pre-

senting acquired trisomy 21 and GATA1 mutations (Bourquin

et al., 2006). GATA1 loss of function was shown to cooperate

with ERG upregulation to promote megakaryocyte progenitor

self-renewal (Birger et al., 2013; Stankiewicz and Crispino,

2009). GATA3 is also commonly upregulated in both OTT-MAL

and ETO2-GLIS2 AMKL cells. Altogether, different alterations

found in this genetically heterogeneous pediatric subtype result

in common functional consequences, including an imbalance in

GATA and ETS transcription factor activity.

Our study also shows that ETO2-GLIS2 alters chromatin or-

ganization leading to activation of SE elements to control meg-

akaryoblastic differentiation and self-renewal properties. Of

importance, ERG is not only a target but also a partner of
460 Cancer Cell 31, 452–465, March 13, 2017
ETO2-GLIS2 at SE elements, suggesting a functional feedfor-

ward loop reinforcing expression of genes controlled by both

ETO2-GLIS2 and ERG (e.g., KIT). Interestingly, acquired tri-

somy 21 is often seen in ETO2-GLIS2 AMKL (de Rooij et al.,

2017; Hara et al., 2017) and may further increase ERG activity

at SE elements in ETO2-GLIS2 leukemic cells. Since SE ele-

ments in ETO2-GLIS2 cells are frequently located away from

known GATA/ETS/RUNX binding in normal megakaryocytes

and because some of these SE- and fusion-bound regions

observed in ETO2-GLIS2 cells are associated with closed

H3K27me3-marked chromatin in non-ETO2-GLIS2-expressing

cells, ETO2-GLIS2 may present a pioneering activity to impose

SE formation. The precise role of ETO2-GLIS2 in SE formation

and the contribution of other transcriptional regulators to the

maintenance of ETO-GLIS2 SE activity will require further

investigation to define whether ETO2-GLIS2 leukemia may be

targeted by BET-bromodomain inhibitors (Dawson et al.,

2011; Filippakopoulos et al., 2010) currently developed for other

malignancies.

Together, our data suggest that ETO2-GLIS2 is sufficient to

induce leukemia transformation. Indeed, while several other

AMKL subgroups fit the classical multistep transformation

process, with patients presenting several cooperating muta-

tions (including constitutive or acquired trisomy 21, GATA1

mutations, and mutations in epigenetic regulators such as

CTCF/cohesin), ETO2-GLIS2 imposes leukemic properties by

directly regulating ERG, GATA1, and enhancer activity in a sin-

gle oncogenic hit. This idea is also supported by the lower ge-

netic burden of ETO2-GLIS2 leukemic cells (de Rooij et al.,

2017), and could also explain the dismal prognosis. Whether

ETO2-GLIS2 patients bear yet-unidentified cooperating muta-

tions in non-coding regions or whether ETO2-GLIS2 is suffi-

cient for full-blown transformation remain to be formally

demonstrated.

We also show that both ETO2 and GLIS2 functions con-

tribute to ETO2-GLIS2 transforming properties, suggesting

that targeting of both functions may be required for therapeutic

purposes. Here, we were able to efficiently target ETO2-GLIS2

AMKL by altering ETO2 functions using a small NHR2-domain

interfering peptide. This strategy globally reverses the ETO2-

GLIS2-induced transcriptional signature and, most importantly,

abrogates human AMKL development in vivo. Because this

approach was validated for other ETO family fusions, the devel-

opment of small molecules targeting this essential interface

may also represent a therapeutic avenue for ETO-altered hu-

man cancers, including pediatric AMKL. We also identified

GLIS2 binding motifs in hematopoietic cells and revealed

that expression of master regulators of hematopoiesis (e.g.,

GATA1, ERG) is regulated by a GLIS transcription factor. Other

GLI/GLIS/ZIC family members (e.g., GLIS1) that participate in

pluripotent stem cell maintenance (Maekawa et al., 2011; Yosh-

ioka et al., 2013) are expressed in HSCs and progenitors, but

their physiological role in normal hematopoiesis is unclear.

Finally, a recent study reports the use of a GLI inhibitor in

ETO2-GLIS2 cells (Masetti et al., 2017). Therefore, further

investigation of the role of GLIS proteins during normal HSC

self-renewal and differentiation and their inhibition by specific

small molecules in leukemia will represent important areas of

investigation.



Figure 6. ETO2-GLIS2 Dimerization Contributes to AMKL Proliferation and Differentiation

(A) Schematic representations of ETO2-GLIS2, ETO2-GLIS2-GFP fusion (from MO7e-KI cells), wild-type ETO2, and the NC128-flag tagged peptide.

(B) Western blot analysis using ETO2 antibody after immunoprecipitation with a GFP-trap in MO7e cells expressing aWT (CTRL) and a GFP-tagged ETO2-GLIS2.

IP, immunoprecipitation. A representative of two independent experiments is shown.

(C) Western blot using ETO2 and Flag antibodies after immunoprecipitations of MO7e-KI cells expressing Flag-NC128 using Flag and GFP antibodies as

indicated. IP, immunoprecipitation. Quantification of the ETO2-GLIS2-GFP and ETO2 band intensities after GFP-IP are indicated. A representative of two

independent experiments is shown.

(D) Proliferation of MO7e cells transduced with NC128 and CTRL (empty vector) lentiviruses. A representative of three independent experiments each performed

in triplicate (n = 3) is shown as means ± SEM of the number of viable cells.

(E) Cell-cycle analysis (bromodeoxyuridine incorporation) in MO7e cells transduced with NC128 and CTRL lentiviruses. A representative of two independent

experiments each performed in triplicate (n = 3) is shown. Right panel: means ± SEM of the number of cells in S phase.

(F) CD41 expression in MO7e cells transduced with NC128 and CTRL lentiviruses 7 days after transduction. A representative of three independent experiments

each performed in triplicate (n = 3) is shown as mean fluorescent intensities ± SEM.

(G) qRT-PCR analyses of ERG andGATA1 expression upon expression of NC128 inMO7e cells. Histograms represent expression relative toGAPDH and to CTRL

cells. A representative of three independent experiments each performed in triplicate (n = 3) is shown as mean fluorescent intensities ± SEM.

(H) Venn diagram representation of the overlap between genes deregulated upon expression of the ETO2-GLIS2 in HEL cells and those deregulated upon

expression of NC128 in MO7e cells.

(I) Correlation between the NC128 signature and the previously established ETO2-GLIS2 AMKL patients’ (n = 8) signature shows an inverse relationship. The

correlation coefficient is indicated, the two-tailed probability value associated is p = 0.000023.

(legend continued on next page)
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Figure 7. ETO2-GLIS2 Dimerization Is Essential for AMKL Propagation In Vivo

(A) Left panel: Representative flow cytometry analysis of CD41 and CD42 megakaryocyte markers of ETO2-GLIS2-expressing AMKL cells purified from

xenografts, 7 days post-transduction with empty vector (CTRL) or NC128-encoding lentiviruses. Right panel: histogram representing the mean ± SEM of the

percentages of CD41+CD42+ cells (n = 3). ***p < 0.0001 (Student’s t test).

(B) Bioluminescent imaging of immunodeficient NSG recipients transplanted with NC128- or CTRL-transduced AMKL7Luc cells (83 104 cells). Imaging time post-

transplant is indicated.

(C) Quantification of bioluminescence in vivo. Boxplot representation of luciferase intensity (p/s) in NSG recipients injected with CTRL cells (black) or NC128-

expressing cells (red). Boxplot limits indicate the 25th and 75th percentiles, and the means are indicated. Note the logarithmic scale on the y axis. The gray area

represents intensities for which signal/noise is below the sensitivity threshold.

(D) Kaplan-Meier survival curve of NSG recipients transplanted as in (B) (n = 5 per group) *p < 0.07 (log rank Mantel-Cox test).

(E) Flow cytometry analysis of bone marrow cells from NSG recipients of NC128-expressing cells 8 months after injection compared with a similar analysis

for recipients injected with CTRL cells at time of killing. Human (h) CD45 and CD41 antibodies identified human leukemic cells in recipients. Left panels: a

representative analysis. Right panel: histogram representation (n = 5 per group, mean ± SEM). ***p < 0.0001 (Student’s t test).
EXPERIMENTAL PROCEDURES

A full description of the experimental procedures is provided in the Supple-

mental Information.

Patient Samples and Animal Modeling

The collection and use of human patient samples in this study was approved

by the Internal Review Board of Gustave Roussy, with the informed consent

of the patients in accordance with good clinical practice rules and national

ethics recommendations. Cells were subjected to Ficoll gradient, immunophe-

notyped, and used directly or frozen in fetal bovine serum supplemented with

10% DMSO.

Mice were maintained in pathogen-free conditions and all experiments were

approved by the Gustave Roussy institute animal care and use committee

(Comité National de Réflexion Ethique sur l’Expérimentation Animale no. 26,

project 2012-017).
(J) Violin plot representation of the expression variation for all SE-associated gene

bound by ERG only (fold-change of expression in NC128 compared with CTRL). T

75th percentiles as determined by R software; horizontal black lines show the me

percentiles; polygons represent density estimates of data and extend to extrem

represented downregulation of genes upon NC128 expression (log scale). Wilco

If not otherwise specified, statistical significance is indicated as p values (Student’
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CRISPR/Cas9 Knockout and Knockin

CRISPR Knockout

sgRNA and Cas9 were encoded in one CRISPR-GFP lentiviral plasmid (kindly

provided by B.L. Ebert). CRISPR guide sequences were designed in the first

exon common to all isoforms to target human ERG and are listed in Table

S2. MO7e, HEL, and AMKL cells were infected with lentiviral productions of

sgERG or CTRL (CRISPR-vector containing Cas9, GFP without sgRNA). Cells

were selected on GFP-positive expression 48 hr or 72 hr after infection for

in vitro analyses (DNA/RNA extraction, T7 and/or WB) and in vivo experiments

(see Experimental Procedures, Xenotransplantation). Single-cell sorting for

clonal expansion was realized for MO7e and HEL.

CRISPR Knockin

Since existing GLIS2 antibodies could not successfully pull down ETO2-GLIS2

(data not shown), we performed genome editing through the CRISPR/Cas9

approach in MO7e cells expressing endogenously the ETO2-GLIS2 fusion

by replacing the endogenous GLIS2 stop codon with the GFP cDNA in frame
s deregulated by NC128 expression in MO7e cells, or bound by ETO2-GLIS2 or

he dotted line represents absence of variation; box limits indicate the 25th and

dians; whiskers extend 1.5 times the interquartile range from the 25th and 75th

e values. Above the lines is represented upregulation and below the line is

xon test p value is indicated, ***p < 0.0001.

s t test) calculated as comparedwith CTRL: *p < 0.01, **p < 0.001, ***p < 0.0001.



to obtain physiological expression of a GFP-tagged ETO2-GLIS2 (MO7e-KI

line). Genome editing was directed with CRISPR sgRNA around the stop

codon of human GLIS2 cloned into CRISPR-Cas9-Cherry vector (modified

from CRISPR-GFP) and with 50 and 30 homology arms of 700 bp of GLIS2 sur-

rounding the GFP reporter gene cloned into the pCRII-TOPO vector (Invitro-

gen). Sequences are available in Table S2. Plasmids were transfected in the

MO7e cell line (Amaxa Cell Line Nucleofector Kit V [VCA-1003]) following the

manufacturer’s instructions. After Cherry-positive expression selection by

fluorescence-activated cell sorting at 48 hr, single-cell sorting in 96-well plates

based on GFP expression was performed for clonal selection. Targeting effi-

ciency was quantified by PCR screening of genomic DNA from GFP clones,

and validated by Sanger sequencing and protein expression.

T7 Endonuclease I Assay

Genomic DNA was extracted with a QIAamp DNA Mini Kit (QIAGEN). The

genomic region encompassing the sgERG target site was amplified with the

following primers (forward, 50 GAGCTGGGGCTACATACTGC 30; reverse, 50

TGT CCT TTC TCC CCC AGT CT 30), typically using 50 ng of genomic DNA,

melted, and annealed (5 min at 95�C and 95�C–25�C at room temperature)

to form heteroduplex DNA. The annealed DNA was treated with 1.5 units of

T7 endonuclease I (New England BioLabs) for 20 min at 37�C, and run on a

2.5% agarose gel.

Ranking of SEs

SEs were identified using the Ranking of Super-Enhancers (ROSE) algorithm

(https://bitbucket.org/young_computation/rose) (Loven et al., 2013; Whyte

et al., 2013). Peaks of H3K27ac were determined using MACS v1.4.2 (http://

liulab.dfci.harvard.edu/MACS/) with input control and parameters (–nomodel,

–p value = 1e-5 –shiftsize = 100 –keep-dup = 1) and were used as constituent

enhancers. These peaks were stitched computationally if they were within

12,500 bp of each other. Peaks fully contained within ±2,500 bp (parameter

–t 2500) from a RefSeq TSSs were excluded from stitching. Stitched en-

hancers were ranked by their H3K27ac signal (length3 density) with the input

signal in the corresponding region subtracted. SEs were separated from

typical enhancers by geometrically determining the point at which the line

y = x is tangential to the curve of the stitched enhancer rank versus the stitched

enhancer signal. Stitched enhancers above this point are considered SEs. SE

regions were identified independently from the three H3K27ac replicates, and

the SE list used here includes SEs called in all three replicates.

Statistical Analyses

If not otherwise specified, statistical significance was determined based on a

normal distribution and using a two-tailed unpaired Student’s t test (Prism

version 4; GraphPad Software). Variations were calculated and data are pre-

sented as means (±SEM). For animal analyses, the sample sizes were guided

by the 3R principles to obtain statistically valid analyses using a restrained

number of animals. Randomization and blinding were not required in this

study. For survival analyses, p values were calculated using a log rank

(Mantel-Cox) test (Prism version 4). A p value of <0.05 was considered statis-

tically significant.

ACCESSION NUMBERS

All microarrays and ChIP-seq data presented here were submitted to the

ArrayExpress database (expression data, E-MTAB-4332; ChIP-seq data,

E-MTAB-4367). A previously published AMKL patients’ expression dataset

(GEO: GSE4119) was also re-analyzed (Bourquin et al., 2006).
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five figure, and four tables and can be found with this article online at http://

dx.doi.org/10.1016/j.ccell.2017.02.006.
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