N
N

N

HAL

open science

ASXL2 is essential for haematopoiesis and acts as a
haploinsufficient tumour suppressor in leukemia

Jean-Baptiste Micol, Alessandro Pastore, Daichi Inoue, Nicolas Duployez,

Eunhee Kim, Stanley Chun-Wei Lee, Benjamin Durham, Young Rock Chung,

Hana Cho, Xiao Jing Zhang, et al.

» To cite this version:

Jean-Baptiste Micol, Alessandro Pastore, Daichi Inoue, Nicolas Duployez, Eunhee Kim, et al.. ASXL2
is essential for haematopoiesis and acts as a haploinsufficient tumour suppressor in leukemia. Nature

Communications, 2017, 8 (1), pp.15429. 10.1038/ncomms15429 . hal-04438708

HAL Id: hal-04438708
https://hal.science/hal-04438708

Submitted on 14 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04438708
https://hal.archives-ouvertes.fr

ARTICLE

Received 18 Aug 2016 | Accepted 29 Mar 2017 | Published 18 May 2017

ASXL2 is essential for haematopoiesis and acts
as a haploinsufficient tumour suppressor in
leukemia

Jean-Baptiste Micol'23*, Alessandro Pastore3*, Daichi Inoue>*, Nicolas Duployez?, Eunhee Kim?,
Stanley Chun-Wei Lee3, Benjamin H. Durham3, Young Rock Chung3, Hana Cho3, Xiao Jing Zhang?,
Akihide Yoshimi3, Andrei Krivtsov®, Richard Koche’, Eric Solary1'2, Amit Sinha8, Claude Preudhomme?
& Omar Abdel-Wahab3?

Additional sex combs-like (ASXL) proteins are mammalian homologues of additional sex
combs (Asx), a regulator of trithorax and polycomb function in Drosophila. While there has
been great interest in ASXLT due to its frequent mutation in leukemia, little is known about its
paralog ASXL2, which is frequently mutated in acute myeloid leukemia patients bearing the
RUNX1-RUNX1T1 (AMLI-ETO) fusion. Here we report that ASXL2 is required for normal
haematopoiesis with distinct, non-overlapping effects from ASXL1 and acts as a
haploinsufficient tumour suppressor. While AsxI2 was required for normal haematopoietic
stem cell self-renewal, AsxI2 loss promoted AMLI-ETO leukemogenesis. Moreover, ASXL2
target genes strongly overlapped with those of RUNX1T and AMLI1-ETO and ASXL2 loss was
associated with increased chromatin accessibility at putative enhancers of key leukemogenic
loci. These data reveal that AsxI2 is a critical regulator of haematopoiesis and mediates
transcriptional effects that promote leukemogenesis driven by AML1-ETO.
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egulation of gene expression through the function of
polycomb and trithorax protein complexes is critical for
normal haematopoiesis' . The discovery of frequent
mutations in the polycomb-associated protein additional sex
combs-like, ASXLI (refs 6-8), resulted in efforts to understand its
role in haematopoiesis. However, ASXL1 is one of three
mammalian paralogues of Asx, a protein required for both
activation and silencing of Hox genes in Drosophila. Asxl2, in
particular, shares a common expression pattern in embryogenesis
and haematopoiesis with Asxll (refs 9-11), while Asxl3, in
contrast, is not expressed in haematopoietic cells!2. Moreover,
ASXLI and ASXL2 are encoded from paralogous regions of the
genome at the DNMT3B-ASXLI-KIF3B (20q11.21) and
DNMT3A-ASXL2-KIF3C (2p23.3) loci, respectively. Given these
features and the fact that ASXL1 and ASXL2 also share common
domains, it has been suggested that ASXL1 and ASXL2 may have
overlapping, partially redundant, or even opposing functions'>.
ASXL2 has recently been identified as among the most
commonly mutated genes in AML patients bearing the
AMLI-ETO fusion oncoprotein!4~1® (encoded by translocation
t(8;21)). At the same time, unlike mutations in ASXLI, ASXL2
mutations are virtually absent in other forms of leukemia or in
clonal haematopoiesis'’~!%, suggesting a specific genetic
interaction between ASXL2 and AMLI-ETO. Given that
expression of the AMLI-ETO fusion is not sufficient to
generate overt AML on its own2%-24, the unique enrichment of
ASXL2 mutations in this subset of AML suggests that ASXL2
mutations may be an important cooperating genetic alteration in
the pathogenesis of AML1-ETO AML. Currently however, very
little is known about the role of ASXL2 in normal or malignant
haematopoiesis. Here we set out to define the role of ASXL2 in
normal and malignant haematopoiesis, to compare its effects on
gene expression and chromatin state to those of ASXLI, and to
understand the functional basis for ASXL2 mutations in the
context of AMLI-ETO-mediated AML. We identify that AsxI2 is
required for normal haematopoietic stem cell self-renewal
and has non-redundant roles with Asxll. Moreover, loss
of Asxl2 altered chromatin state at key leukemogenic loci in
AMLI-ETO-expressing cells and loss of even a single copy of
Asx]2 promotes AML1-ETO leukemogenesis.

Results

ASXL2 mutations result in loss of ASXL2 protein expression.
Four recent studies have identified that ASXL2 mutations are
present in 19.8-22.7% of pediatric and adult patients with t(8;21)
AML!4-1625 Across these studies, mutations in ASXL2 occured
as out-of-frame insertion/deletion mutations and nonsense muta-
tions in exons 11-12 of ASXL2. To evaluate the effects of ASXL2
mutations on ASXL2 expression, we generated mammalian
expression vectors encoding full-length wild-type (WT) ASXL2
(1-1435) and two ASXL2 mutations documented in AML!
(ASXL2 p.T740NfsX16 and p.E1287X). Expression of WT ASXL2
c¢DNA or ¢cDNA constructs bearing leukemia-associated mutant
forms of ASXL2 revealed reduced stability of mutant ASXL2
relative to WT ASXL2, with greater loss of mutant ASXL2
following cycloheximide exposure (Supplementary Fig. lab).
These data suggest that mutations in ASXL2 are most likely
loss-of-function mutations.

Generation of AsxI2 conditional knockout mice. Prior efforts to
study the effects of ASXL2 loss in vivo have been limited by
the fact that constitutive deletion of Asxl2 is associated with
substantial perinatal lethality'® and, to date, no models allowing
complete post-natal or conditional, tissue-specific deletion of
AsxI2 have been established. Given the above data, and the fact

2

that human ASXL2 shares 79.4% total amino acid homology
with mouse Asxl2, we generated a conditional allele targeting
AsxI2 (Fig. la and Supplementary Fig. 1c). Embryonic
stem cell targeting was used to insert two LoxP sites flanking
exon 11 of Asxl2, as well as a Frt-flanked neomycin
selection cassette in the upstream intron. The generated mice
(AsxI2fl/fl) were initially crossed to a germline Flp-deleter mouse
line to remove the neomycin cassette and then subsequently
crossed to IFN-o-inducible MxI-cre transgenic mice to allow
for inducible deletion of Asxl2 in post-natal tissues. Western
blotting (WB) and quantitative PCR with reverse transcription
of bone marrow (BM) mononuclear cells (MNCs) from
Mxl-cre  AsxI2fl/fl mice 4 weeks after administration
of polyinosinic:polycytidylic acid (pIpC) revealed that Asxl2
protein expression was fully eliminated in this model and
that Asxl2 deletion was not associated with altered Asxll
expression at the protein or mRNA level (Fig. 1b,c and Suppleme-
ntary Table 1).

Asxl2 is required for normal haematopoiesis. We next sought to
delineate the role of Asxl2 on haematopoiesis and its potential
redundancy with Asxll. We and others have previously noted
that Asxll loss in post-natal haematopoiesis is associated with
modest leukopenia, anaemia and a myelodysplastic syndrome-
like phenotype in mice after a long latency?>*?’. We therefore
generated CD45.2 MxI-cre control, MxI-cre AsxI2fl/fl, MxI-cre
AsxlIfl/fl and compound MxI-cre AsxiIfl/fl AsxI2fl/fl mice.
To study the cell-autonomous effect of Asxl1/2 deletion in
a haematopoieitic-specific manner, we performed noncompetitive
BM transplantation (BMT) using these mice (n = 3-5 donors per
genotype) into 10 lethally irradiated CD45.1 recipient mice per
donor (Fig. 1d). This was then followed by peripheral blood
analysis of the recipient mice and pIpC administration to delete
Asxl2 and/or Asxl1 in the haematopoietic system.

Analysis of peripheral blood of Asx[2-deficient mice revealed
that in contrast to the modest effects of AsxIl deletion on white
blood cell (WBC) and platelet counts, AsxI2 deletion resulted in
rapid leukopenia and thrombocytopenia in recipient mice which
was associated with hastened death of recipient mice (Fig. le-g).
Moreover, mice with compound deletion of Asx/I and AsxI2 had
even lower WBC and platelet counts than single knockout
controls. The decrease in peripheral blood MNCs in mice with
AsxI2 and compound AsxI1/2 deletion was mostly attributed to
decrements in B220% mature B-cells and CD3" T-cells
(Supplementary Fig. 1d,e). Moreover, the lower peripheral blood
platelet numbers in AsxI2-deficient mice was associated with
significant decrease in the number of BM megakaryocytes as well
as reduced colony formation of megakaryocyte progenitors
purified from haematopoietic stem and progenitor cells (HSPCs)
from AsxI2-deficient mice relative to Asxll-deficient or control
Asxl1/2-WT mice (Supplementary Fig. 1f-g).

Morphological analysis of BM histology sections revealed
abnormal BM clustering of megakaryocytes that is consistent with
defective megakaryocyte differentiation in AsxI2-deficient mice
(Supplementary Fig. 2). Moreover, Asxl2-deficient mice exhibited
hyposegmented neutrophils with hypogranular cytoplasm and
circulating, multinucleated erythroid progenitors, which are features
consistent with myelodysplasia (Supplementary Fig. 2b,c). AsxiI-
deficient BM showed morphologic evidence of dysplasia in myeloid
cells and megakaryocytes as previously reported”®?’, a feature
that was also evident in mice with compound Asx/1/2 deletion
(Supplementary Fig. 2a). Of note, longitudinal evaluation of
recipient mice transplanted with MxI-cre AsxI2fl/fl mice up to 52
weeks failed to reveal any Asxl2-deficient mice to have developed
increased white blood counts, splenomegaly or expansion of HSPCs
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Figure 1 | AsxI2 is required for normal haematopoiesis. (a) Asx/2 conditional knockout allele. (b) Western Blot of bone marrow (BM) cells from MxT-cre
control and MxT-cre AsxI2fl/fl primary mice 4 weeks post-polyinosinic:polycytidylic acid (plpC) adminstration. (¢) Expression of Asx/1, AsxI2, and AsxI3 by
gRT-PCR in BM mononuclear cells from Mx1-cre AsxI2fl/fl primary mice 4 weeks post-plpC relative to each gene from MxT-cre controls. (d) Schema for
noncompetitive BM transplantation using CD45.2* Mx1-cre control (black), Mxi-cre AsxI2fl/fl (red), Mx1-cre AsxI2fl/fl (blue), and MxI-cre AsxI2fl/fl
AsxI2fl/fl (purple) mice. (e-f) Enumeration of white blood cells (WBC) (e) and platelets (f) in peripheral blood of CD45.1 recipient mice following
noncompetitive BM transplantation from CD45.2* mice as shown in (d) (n = 10 mice/genotype; plpC was administered to recipient mice 4 weeks
following transplantation). (g) Kaplan-Meier survival curve of recipient mice transplanted with Mx7-cre control and MxT-cre AsxI2fl/fl BM cells

(n=10 mice/genotype). Error bars represent mean +s.d. *P<0.05, **P<0.001, ****P<0.0007; P-values calculated by ordinary one-way ANOVA test.

(Supplementary Fig. 3). This finding suggests that Asxl2-deficient
haematopoietic cells result in functional defects in haematopoiesis
that are associated with shortened survival in the mice. Overall, these
data reveal that Asxl2 is required for normal haematopoiesis and has
distinct and non-redundant effects compared with Asxll in
haematopoiesis.

Asxl2 is required for haematopoietic stem cell self-renewal. We
next assessed the effect of Asxl2 or compound Asxli/2 loss
on HSPC frequency and function. We first performed
serial competitive BMT assays using 500,000 BM MNCs from
6-week-old CD45.2 Mx1-cre control, Mx1-cre AsxI2fl/fl, Mx1-cre
AsxlIfl/fl and compound MxI-cre AsxlIfl/fl AsxI2fl/fl mice
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pre-pIpC injection. These were injected with equal numbers of
CD45.1 BM MNCs into lethally irradiated CD45.1 recipients
(10 recipients per genotype) (Fig. 2a). Recipient mice were then
bled 4 weeks later to establish baseline chimerism followed by

pIpC injection and monthly bleeding for 16 weeks post pIpC,
following which mice were killed and serial transplantation
was performed. Consistent with the effect of Asxl2 deletion on
haematopoiesis in noncompetitive transplantation, AsxI2 loss was
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associated with rapid loss of haematopoiesis at both the level of
mature circulating blood leukocytes and BM HSPCs (Fig. 2b,c).
The effects of Asxl1 loss on HSPCs, in contrast, were evident only
on serial transplantation. At 16-weeks post transplantation, Asx12
loss was associated with loss of long-term haematopoietic stem
cells (lineage-negative Sca— 1T c-Kit™ CD150 " CD48 ™ cells)
as well as more intermediate haematopoietic progenitor cell
populations (haematopoietic progenitor fraction 1 and 2
(HPC — 1 and HPC — 2)28), phenotypes not seen with Asxl1 loss
(Fig. 2d and Supplementary Fig. 4a).

Given that ASXL2 mutations occur as heterozygous mutations
in leukemia patients!*!>, we also investigated the effects
of heterozygous loss of Asxl2. Competitive transplantation of
Mx1-cre AsxI2fl/WT mice versus MxI1-cre AsxI2fl/fl and Mx1-cre
control mice revealed that deletion of even a single copy of AsxI2
was associated with substantial decrements in HSPC self-renewal
(Fig. 2e,f). These data reveal that AsxI2 is haploinsufficient with
regards to normal HSPC function.

Of note, the effects of Asxl2 loss in the noncompetitive
transplantation setting were also seen in the setting of primary,
non-transplanted MxI-cre AsxI2fl/fl mice relative to controls
(Supplementary Fig. 4b-f). A cohort of 6 primary MxI-cre
AsxI2 WT, MxI-cre AsxI2fl/WT and MxI-cre AsxI2fl/fl mice were
treated with pIpC at 6 weeks of age and then followed for
26 weeks post pIpC. MxI-cre AsxI2fl/WT, and MxI-cre AsxI2fl/fl
mice consistently exhibited lower periperhal blood WBCs
(primarily due to lower B220 7" cells in the peripheral blood)
as well as platelet counts compared to Mx1-cre AsxI2 WT controls
(Supplementary Fig. 4b,c). Consistent with results in transplanta-
tion setting, significant reductions in absolute numbers
of multipotent progenitors (MPPs), LSK cells and megakaryo-
cyte/erythroid progenitor (MEP) cells as well as percentage
of splenic erythroid precursors (CD71" Ter119~ cells) and
megakaryocytes (CD41 ™ cells) were seen in MxI-cre AsxI2fl/fl
mice compared with MxI-cre control mice (Supplementary
Fig. 4d-f). MxlI-cre AsxI2fl/wt mice also exhibited significant
reductions in absolute numbers of MEPs as well as splenic
erythroid precursors (CD71 " Terl119~ cells) and megakaryo-
cytes (CD41 T cells) compared with MxI-cre control mice
(Supplementary Fig. 4d-f). These data further affirm that AsxI2
is required for normal haematopoiesis.

AsxI2 target genes overlap with those of RUNX1 and AML1-ETO.
We next sought to understand the mechanistic effects of AsxI2
loss on haematopoiesis by analysing the transcriptional and
epigenomic effects of AsxI2 loss. We performed mRNA sequen-
cing (RNA-seq) of purified BM CD45.2" lineage-negative
Sca— 17T cKit™ (LSK) cells from MxI-cre AsxI2fl/fl, MxI-cre
Asxlifl/fl, and Mxl-cre control mice 4-weeks following
pIpC administration. In contrast to the 129 genes significantly
(multiple hypothesis adjusted P<0.05) differentially expressed in
Asxl1-deficient LSK cells relative to controls, 2,986 genes were
dysregulated in Asx[2-deficient LSK cells relative to controls

(Fig. 3a and Supplementary Data 1). Moreover, only a small
number of dysregulated genes were shared amongst AsxII- versus
AsxI2-null LSK cells (Fig. 3b). Interestingly, genes differentially
expressed following Asxl2 loss significantly overlapped with
genes previously described as upregulated by the AMLI-ETO
oncoprotein?’, a finding not seen amongst differentially expressed
genes from AsxlI-deficient LSK cells (Fig. 3c). AML1-ETO is
a transcriptional regulator whose genome-wide direct binding
targets have been extensively mapped in human t(8;21) AML
cell lines**~33 and are known to overlap with binding targets of
wild-type RUNX1 (refs 33,34). We therefore next examined the
overlap between genes differentially expressed in AsxI2-deficient
LSK cells and those which are known targets of AML1-ETO or
RUNXI1 based on previously published chromatin immuno-
precipitation next-generation sequencing (ChIP-seq) studies in
ASXL1/2-WT AMLI-ETO-expressing human AML cells*>3.
These data again revealed substantial overlap of direct
AML1-ETO and RUNXI1 gene targets amongst genes altered by
AsxI2 deletion, but not by Asxl1 deletion (Fig. 3c).

Overlap of ASXL2 and AMLI1-ETO target genes in AML cells.
The above data suggested an overlap of Asxl2-binding sites and
transcriptional targets of AML1-ETO in the setting of normal
haematopoiesis and without introduction of the AMLI-ETO
oncofusion protein. We therefore next sought to examine the
transcriptional and epigenetic effects of ASXL2 loss in the setting of
human AML expressing endogenous AML1-ETO. Comparison of
ASXL2 genome-wide binding to RUNX1 and AML1-ETO-binding
sites in SKNO — 1 cells (a human AMLI-ETO cell line WT for
ASXL1 and ASXL2 (in contrast to the commonly studied Kasumi
series of AML1-ETO-expressing cell lines which bear endogenous
ASXL1 mutation®)) revealed that ASXL2 displayed less
enrichment at transcriptional start sites (TSS) than RUNXI or
AMLI-ETO (Fig. 3d). Given the likely different enrichment
efficiencies between antibodies used in ChIP-seq here and the
different number of peaks across the different immunoprecipitated
proteins, we also evaluated the percentage of ASXL2, AML1-ETO
and RUNXI1 peaks that overlap with promoters (defined as — 2.5 to
+2.5kb of TSS). The percentage of promoter-overlapping peaks
for ASXL2, AMLI-ETO and RUNX1 were 9.7, 27 and 29.8%
respectively. Although these data suggest that ASXL2 binds fewer
TSS than AML1-ETO and RUNXI1, ASXL2 binding was strongly
enriched at AML1-ETO-binding sites (Fig. 3d-f, Supplementary
Fig. 5 and Supplementary Data 2-4). Thus, in the setting of both
normal and malignant haematopoietic cells, direct binding sites of
ASXL2 strongly overlapped with those of AMLI-ETO and RUNX1
(ChIP-seq enrichment for AML1-ETO, RUNX1 and ASXL2 at
representative loci are shown in Supplementary Fig. 5a). Consistent
with this, motif enrichment analysis of ASXL2-binding sites in
these same SKNO —1 cells revealed a strong overlap of ASXL2
binding with ETS as well as AP —1 transcription factors, all
established as interacting physically with the AML1-ETO
transcriptional complex in human t(8;21) (ref. 33) AML

Figure 2 | AsxI2 is required for haematopoietic stem cell self-renewal. (a) Schema of serial competitive BMT assays from CD45.2+ MxI-cre control
(black), Mx1-cre Asxlifl/fl (red), MxI-cre AsxI2fl/fl (blue) and MxT-cre Asxl1fl/fl AsxI2fl/fl (purple) mice. (b) Percentage of CD45.2 " chimerism in the peripheral
blood of recipient mice over time (n=10 mice/genotype) in primary (1°), secondary (2°) and tertiary (3°) BMT. (¢) Flow cytometric enumeration of
CD45.2 % lineage-negative Scal+ cKit+ (LSK) cells in the BM of Mx7-cre control, Mx1-cre Asxl1fl/fl, MxI-cre AsxI2fl/fl and Mx1-cre Asxl1fl/fl & AsxI2fl/fl mice
14 weeks after polyinosinic:polycytidylic acid (plpC) injection in competitive transplant. (d) Total number of BM MP, LSK cells, LT-HSC, restricted
haematopoietic progenitor cell fractions 1 (HPC-1) and 2 (HPC-2) and MPP cells following noncompetitive BMT from the indicated genotypes (as shown in
Fig. 1d; n=5 mice/genotype). (e) Percentage of CD45.2F chimerism in the peripheral blood of recipient mice transplanted with CD45.2Mx-1 control, MxT-cre
AsxI2fl/WT, or MxT-cre AsxI2fl/fl BM cells over time (n =10 mice/genotype). (f) Flow cytometric enumeration of CD45.2+ LSK cells in the BM of mice from
e 14 weeks after plpC injection in competitive transplant. Error bars represent mean + s.d.; *P<0.05, **P<0.001, ***P<0.0002, ****P<0.0001. P values
calculated by ordinary one-way ANOVA test. ANOVA, analysis of variance; LT-HSC, long-term haematopoietic stem cells.
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(Supplementary Fig. 5d; Supplementary Data 5 shows all
significantly enriched motifs under ASXL2 ChIP-seq peaks, of
which ETS and AP — 1 motifs represent only a subset).

Given the overlap of ASXL2, RUNX1 and AMLI1-ETO-binding
sites we also sought to examine if there was a direct physical
interaction of these proteins. However, co-immunoprecipitation
experiments failed to reveal physical interaction of RUNXI,

AMLI1-ETO or AMLI-ETO9a with ASXL2 (Supplementary
Fig. 6a,b).

H3K27me3 loss and alterations at enhancers with ASXL2 loss.
In addition to potential direct transcriptional effects, prior work
from us®® and others?”7 has identified that ASXL1 alterations
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are associated with global downregulation of histone H3 lysine 27
trimethylation (H3K27me3). Interestingly, while ASXL1 loss in
SKNO-1 cells was associated with clear downregulation of
H3K27me3 at TSS and gene bodies, ASXL2-deficient cells had
less prominent H3K27me3 loss in comparison (Fig. 4a,b,
Supplementary Fig. 6c-e and Supplementary Table 1). Similarly,
Asxll-deficient haematopoietic progenitors exhibited global
downregulation of H3K27me3 which was not seen in AsxI2-
deficient progenitors based on both western blotting as well as
anti-H3K27me3

ChIP-seq (Supplementary Fig. 6f,g). Finally, given prior reports
for roles of ASXL1 as well as ASXL2 in PRC2-mediated
H3K27me3, we evaluated for a potential physical interaction
between ASXL2 or ASXL1 and PRC2 components. Despite
evidence of clear physical interaction between ASXL1, ASXL2,
and BAP1 (as previously reported®®) as well as ASXL1 and the
core PRC2 member SUZI2 (also previously reported®),
interaction between ASXL2 and PRC2 members were not
evident (Supplementary Fig. 6b).

We therefore next examined the effects of ASXL2 loss on the
state of other histone post-translational modifications known to be
regulated by Polycomb and/or Trithorax group protein complexes.
While ASXL2 loss had no clear effect on histone H3 lysine 4
trimethylation (H3K4me3) at TSS (Supplementary Fig. 6h), ASXL2
loss was associated with increases in H3K27ac and H3K4mel signal
at putative active enhancers (marked by both H3K27ac and
H3K4mel) as well as poised enhancers (marked by H3K4mel
without H3K27ac) as seen by anti-H3K4mel and anti-H3K27Ac
ChIP-seq following ASXL2 depletion using two independent
shRNAs targeting ASXL2 (Fig. 4c—f). To correlate alterations in
histone modifications following ASXL2 loss in AMLI-ETO
leukemic with genes differentially expressed by ASXL2 loss we
performed RNA-seq analysis of SKNOL1 cells treated with control
shRNA or 2 different anti-ASXL2 shRNAs, each in biological
triplicate (Supplementary Fig. 7a and Supplementary Data 6-7).
Interestingly, this identified a number of genes known to promote
leukemogenesis (either alone or in the context of AMLI-ETO
leukemia) as differentially expressed by ASXL2 loss. These include
downregulation of TET2 as well as NOTCH2 with ASXL2 loss in
human AMLI-ETO-expressing cells, downregulation of which have
been previously shown to functionally promote myeloid leukemo-
genesis when altered in expression3*40, Next, we utilized these
RNA-seq data to evaluate the overlap of differentially expressed
genes with direct targets of ASXL2, RUNX1, and AML1-ETO as
well as alterations in H3K27me3, H3K4mel and H3K27Ac. This
revealed that ~90% of genes dysregulated in expression with
ASXI2 loss are direct targets of RUNX1 or RUNXI-ETO
(Supplementary Fig. 7b). There was no clear correlation between
the loss of H3K27me3 upon ASXL2 knockdown and alterations in
gene expression (Supplementary Fig. 7c). Similarly, genes within
100 kB of H3K4mel or H3K27Ac peaks in shControl cells did not
experience consistent alterations in gene expression following
ASXL2 loss (although this may be explained by the fact that these
are putative enhancers that do not necessarily regulate the
expression of genes located in 100kB proximity of these genes;
Supplementary Fig. 7d.e).

To evaluate if the histone modifications seen with ASXL2 loss
were alterated at ASXL2 or AML1-ETO-binding sites specifically,
we analysed the H3K27me3 and H3K4mel abundance at ASXL2
peaks as well as AML1-ETO peaks in SKNO-1 cells treated with
control shRNA or one of 2 different anti-ASXL2 shRNAs.
Although changes in H3K27me3 were more prominent at
ASXL2 or AMLI-ETO peaks than at random control regions
of the genome outside of these peaks (Supplementary Fig. 7f,g),
H3K27me3 changes were prominent across TSS and gene bodies
(Fig. 4a,b). Moreover, there was no clear correlation between
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changes in H3K4mel and sites of ASXL2 binding (Supplementary
Fig. 7h) suggesting that alterations in H3K27me3 and H3K4mel
did not have a specific relation to ASXL2-binding sites.

Asxl2 loss promotes AMLI-ETO-mediated leukemogenesis.
Genetic analyses of patients with t(8;21) AML and extensive
animal modelling of the haematopoietic effects of the AML1-ETO
translocation have identified that AML1-ETO is expressed in
early HSCs and increases self-renewal but is not sufficient for
leukemogenesis alone?’~22, Substantial effort has therefore been
spent to identify genetic events that collaborate with AML1-ETO
to promote leukemogenesis. Recent genomic analyses of
AMLI-ETO AML patients have identified that the average
variant allele frequency of mutations in ASXL2 are significantly
higher than those of other mutations frequently co-existing with
AMLI-ETO such as c-KIT, FLT3 and N/KRAS mutations®.
Consistent with this, unsupervised hierarchical clustering of
differentially expressed genes amongst AML patients with
the AMLI-ETO translocation revealed that ASXL2-mutant
AMLI1-ETO samples form a distinct transcriptional subset of
AMLI-ETO AML, an effect not seen with other common genetic
alterations in AML1-ETO AML (Fig. 5a).

Given the above human genetic data we next sought to
examine the contribution of ASXL2 loss to AML1-ETO-mediated
leukemia. We performed murine retroviral BMT assays over-
expressing full-length AML1-ETO or the AML1-ETO9A (AE9a)
splice isoform*! linked to GFP in BM cells from AsxI2-deficient
or control mice followed by transplantation into WT C57BL/6
recipients (Supplementary Fig. 8a,b). Converse to the failure of
HSC self-renewal with deletion of Asx]2 in normal haemato-
poiesis, loss of Asxl2 in the setting of either full-length
AML1-ETO or AE9a overexpression consistently led to
hastened death due to shortened latency of leukemogenicity
compared with AML1-ETO or AE9a overexpression in an AsxI2
WT background (Fig. 5b,c). Consistent with this, mice
transplanted with AE9a/Asxl2-null leukemias had a higher
frequency of GFP/c-Kit double-positive cells in both peripheral
blood and BM at the time of death (Supplementary Fig. 8c).

Next to study leukemogenesis mediated by AMLI-ETO and
ASX12 loss in the genetic configuration most representative of
human AML, we crossed mice bearing expression of the Aml1-Eto
fusion from the endogenous locus of Amll (Amll-Eto conditional
knockin mice?®) to MxI-cre AsxI2fl/fl mice to generate MxI-cre
Amll-Eto AsxI2fyWT and MxIl-cre Amill-Eto Asxl2 WT mice
(Supplementary Fig. 9a—c). Heterozygous loss of AsxI2 collaborated
with expression of endogenous Amll-Eto to promote leukemo-
genesis (Fig. 5d). Moreover, MxI-cre Amlil-Eto AsxI2f/WT mice
developed prominent extramedullary leukemic infiltration in soft
tissues, a clinical characteristic often seen in patients with this
subtype of AML*>*? (Fig. 5e-g and Supplementary Fig. 9d). Finally,
to model the effects of coexistent oncogenic RAS mutations,
which are present in a subset of AMLI-ETO/ASXL2-mutant
AML patients®>, expression of NRASG12D in MxI-cre Amll-Eto
AsxI2f/WT and MxI-cre Amll-Eto Asxl2 WT BM backgrounds
resulted in further collaborative effects in the AML1-ETO/ASXL2
haploinsufficient background (Fig. 5d and Supplementary
Fig. 9e-h). MxI-cre Amll-Eto AsxI2f/WT mice expressing
NRASG12D developed worsened anaemia and thrombocytopenia
as well as greater circulating GFP/c-Kit double-positive cells and
hastened death compared with counterpart MxI-cre Amll-Eto
AsxI2 WT mice expressing NRASG12D.

Given the alterations of enhancers in human AMLI-ETO
cells with ASXL2 loss, we next examined the chromatin state
of AE9a leukemias with or without Asxl2 expression by
transposase-accessible chromatin  sequencing (ATAC-Seq).
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Although global chromatin accessibility as assessed by ATAC-seq
of GFP/c-Kit double-positive cells from two independent
AE9a/MxI-cre control and 2 AE9a/Mxl-cre AsxI2fl/fl mice
did not reveal substantial global differences between groups

NATURE COMMUNICATIONS | 8:15429 | DOI: 10.1038/ncomms15429 | www.nature.com/naturecommunications

GFP*/c-Kit T cells from two different AE9a/Mx1-cre control (grey) and

(Supplementary Fig. 10), there was a striking increase
in chromatin accessibility at the HoxA and Meisl loci of
AE9a/MxI-cre AsxI2fl/fl mice compared to AE9a control mice
with AsxI2 intact (Fig. 5h). These data suggest that Asxl2 loss
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promotes AMLI-ETO leukemogenesis by altering enhancer
accessibility at key leukemogenic loci.

Discussion

Mutations in genes encoding Polycomb*>262744 and Trithorax*>~48
group family members and their associated proteins are amongst the
most common genetic alterations in haematological malignancies.
Mutations in the polycomb-associated protein ASXLI are present
across the myeloid neoplasms and ubiquitously associated
with adverse clinical outcome in every subtype of myeloid
leukemia”34%-51, Consistent with the frequency of genetic
alterations of ASXLI in patients, deletion or mutation of
Asxll in vivo results in myelodysplastic syndrome-like disease in
mice?®?’. However, the biological effects of AsxlI loss or mutation
expression in the haematopoietic system are modest?®?” and this has
led to the hypothesis that the function of ASXL2 may be partially
redundant with that of ASXLI and able to compensate for
the absence of ASXL1 (ref. 52). At the same time, it has been
proposed that ASXL1 and ASXL2 may even have opposing
biological functions!®>. We therefore set out to understand the
biological and transcriptomic effects of Asxl2 loss in the
haematopoietic system and to compare them to Asxll loss. We
identify here that AsxI2 is required for haematopoiesis in a gene
dosage-dependent manner and has non-overlapping biological
functions with Asxll. Future efforts to compare the direct binding
targets of ASXL1 versus ASXL2 in normal haematopoietic cells,
the compendium of proteins interacting with ASXL1 versus ASXL2,
and distinct domains between the two proteins will be critical
in further understanding the mechanistic basis for the differing
effects of ASXL1 versus ASXL2 loss.

Consistent with the fact that Asxl2 loss resulted in greater
defects in haematopoiesis than Asxl1 loss, Asx12 deletion was also
associated with a larger number of differentially expressed genes
in HSPCs than deletion of Asxll. Interestingly, a substantial
number of genes dysregulated by Asxl2 loss appeared to be direct
targets of RUNX1 and AML1-ETO. Recent genomic analysis has
delineated that mutations in ASXL2 are restricted to AML1-ETO
AML!-1625 This is in stark contrast to mutations in ASXLI,
which are present throughout myeloid neoplasms and also
enriched in clonal haematopoiesis in normal individuals!’~1%,
These human genetic data suggest that ASXL2 may promote
leukemogenesis or increased self-renewal only in the setting of
expression of AMLI-ETO and not in the setting of normal
HSPCs. Consistent with this, we identified that ASXL2 loss
promoted leukemogenesis in AML1-ETO-expressing HSPCs but
did not promote the self-renewal of normal haematopoietic stem
cells. Loss of AsxI2 even accelerated leukemogenesis of AE9a, a
splice variant of AML1-ETO whose overexpression alone is
leukemogenic?!. Although the shorter latency of AE9a/AsxI2-null
leukemias over AMLI-ETO/AsxI2-null leukemias is likely to
reflect the known enhanced leukemogenicity of AE9a over
AMLI1-ETO (ref. 41), future efforts to decipher if there is
a specific functional collaboration between AE9a and ASXL2 loss
may be enlightening. Similarly it will be interesting to compare
the effects of Asxll versus AsxI2 loss in the setting of AMLI-ETO
or AE9a expression.

Asx proteins were originally identified as being required for
assisting Polycomb and Trithorax group ?roteins in maintaining
homeotic gene expression and silencing®>>%. Here, ASXL2 loss
in the context of AML1-ETO AML cells was associated with
loss of repressive H3K27me3 modifications as well as increased
H3K27ac and H3K4mel signal at enhancers. Currently the
molecular mechanisms by which ASXL2 loss results in these
changes in chromatin state is not known. Recent work has
suggested that the plant homeofinger domain (PHD) of ASXL2
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may bind to and influence monomethylation at H3K4 (ref. 55),
a mark associated with functional enhancers®®~>%, This potential
function of the ASXL2 PHD domain may provide a mechanistic
explanation for the observation here of alterations of enhancers
with loss of ASXL2. However, further confirmation of the role of
the ASXL2 PHD domain as well as functional comparison to the
PHD domain of ASXL1 is needed.

As noted earlier, despite being among the common fusions in
AML patients, the AML1-ETO fusion protein by itself is not
sufficient to promote overt leukemia??-># The fact that loss of
even a single copy of Asxl2 promoted leukemogenesis mediated
by endogenous Amll-Eto expression strongly supports the
concept that AsxI2 is a haploinsufficient tumour suppressor in
the context of this subtype of AML. Genes dysregulated
by ASXL2 loss largely overlapped with those of RUNXI and
AMLI-ETO and were associated with alterations in a number of
genes previously shown to promote myeloid leukemias.
Moreover, in both human and mouse AML1-ETO-expressing
cells, ASXL2 loss was associated with increased chromatin
accessibility at the HoxA locus, expression of which is well
established as promoting myeloid leukemogenesis®®~%2. Although
the overlap of ASXL2 dysregulated genes and gene targets of
AML1-ETO and RUNXI1 suggest potential physical overlap of
ASXL2, AMLI-ETO and RUNXI, no physical interaction
between these 3 proteins were detected here. Future efforts to
map Asxl2 binding sites in the context of normal HSPCs
compared with those of Runxl may be helpful in further
elucidating the basis for the overlap in gene expression between
Asx]2, RUNX1, and AML1-ETO.

Given the paucity of genetically accurate models for
AMLI1-ETO AML based on co-occurring genetic lesions, the
models presented in this study may be critical for understanding
AMLI-ETO disease pathogenesis further in addition to providing
conditional alleles to define the role of ASXL2 outside of the
haematopoietic system. Overall, these data highlight Asxl2
as critical for normal haematopoiesis as well as a novel
haploinsufficient tumour suppressor in leukemia.

Methods

Human subjects. RNA extracted from peripheral blood or BM mononuclear
cells from adult t(8;21) AML patients was utilzed for RNA sequencing and
included 7 ASXL1/2 wild-type and 5 ASXL2 mutants from the CBF-2006 trial
(EudraCT #2006 005163-26; ClinicalTrials.gov identifier #NCT00428558). The
study was approved by the ethics committee of Nimes University Hospital and by
the Institutional Review Board of the French Regulatory Agency and conducted in
accordance to the Declaration of Helsinki protocol. Molecular and cytogenetic
analyses were performed as described previously!®.

Animals. All animals were housed at Memorial Sloan Kettering Cancer Center
(MSKCC). All animal procedures were conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committees at MSKCC.

Generation of Asxl2 and AsxI1/2 conditional knockout mice. The AsxI2

allele was deleted by targeting exon 11. Two LoxP sites flanking exon 11 and

a Frt-flanked neomycin selection cassette were inserted in the upstream intron
(Fig. 1a). Ten micrograms of the targeting vector was linearized by NotI and then
transfected by electroporation of C57Bl/6 (B6) embryonic stem cells (ES). After
selection with G418, surviving clones were expanded for PCR analysis to identify
recombinant ES clones. Positive clones identified by PCR were confirmed
independently by Southern blotting analysis (Supplementary Fig. 1c). DNA was
digested with Mfe 1, and electrophoretically separated on a 0.8% agarose gel. After
transfer to a nylon membrane, the digested DNA was hybridized with a probe
targeted against the 3'-external region. DNA from C57Bl/6 (B6) mouse strain was
used as a wild-type control. The Asxi2fl mouse line will be available from The
Jackson Laboratory as JAX#030338.

The generated mice (AsxI2fl/fl) were initially crossed to a germline Flp deleter
(Jackson Laboratory) to eliminate the neomycin cassette, and subsequently to the
IFN-a inducible MxI-cre (Jackson Laboratory) strain. AsxI2fl/fl, AsxI2fl/WT and
AsxI2ZWT/WT littermate mice were genotyped by PCR with primers AsxI2-F
(5’-GCAGGCTCTCTACAAACTCAGTTC-3') and AsxI2-R (5'-CAACATC
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GATATTGCTACTGA TAA AGTGAA-3') using the following parameters: 94 °C
for 2 min, followed by 35 cycles of 94 °C for 305, 62 °C for 30 s and 72 °C for 1 min,
and then 72 °C for 5min. The wild-type allele was detected as a band at 330 bp,
whereas the floxed allele was detected as a band of 517 bp. Excision after
cre-mediated recombination was confirmed by western blot and quantitative
PCR with reverse transcription.

Cell culture. SKNO-1 cells were purchased from DSMZ (Braunschweig, Germany)
and cultured in RPMI 1640 with 20% FCS, 1% penicillin-streptomycin, and
10ng ml! GM-CSF (BD Biosciences).

Transfection and retrovirus production. cDNAs encoding AMLI-ETO9%a was
digested with NotI and cloned into the NotI multiple cloning site of the
MSCV-IRES-BEX plasmid (pBEX), upstream of the IRES and blue-excited GFP
motifs?4, To produce retrovirus capable of expressing AML1-ETO9a, 293T cells
were cotransfected with a pBEX plasmid and MCV-Ecopac using X-treme GENE 9
(Roche) transfection reagent.

Mouse bone marrow transplantation assays. Freshly dissected femora and tibiae
were isolated from MxI-cre control, MxI-cre Asxl1fl/fl, Mx1-cre AsxI2fl/fl, Mx1-cre
Asxlifl/fl AsxI2fl/fl mice. BM was flushed with a 3-cc insulin syringe into cold PBS
(without Ca?* and Mg?T) supplemented with 2% bovine serum albumin to
generate single cell suspensions. BM cells were spun at 252 g for 5min by
centrifugation and red blood cells (RBCs) were lysed in ammonium chloride-
potassium bicarbonate lysis (ACK) buffer for 5min on ice. After centrifugation,
cells were resuspended in PBS/2% BSA, filtered through a 40 pm cell strainer. For
competitive transplantation experiments, 0.5 x 10® total BM cells from MxI-cre
control, MxI-cre Asxlifl/fl, MxI-cre AsxI2fl/fl, Mx1-cre Asxl1fl/fl AsxI2fl/fl
CD45.2 + mice were mixed with 0.5 x 10° wild-type CD45.1 T support BM and
transplanted via tail vein injection into 6-week-old lethally irradiated (2 x 450cGy)
CD45.1 ™ recipient mice. To activate the conditional alleles, mice were treated with
3 doses of pIpC (12 mgkg ™! day ~!; GE Healthcare) via intra-peritoneal injection
4 weeks post transplant. Peripheral blood chimerism was assessed every 4 weeks by
flow cytometry. For noncompetitive transplantation experiments, 1 X 10° total BM
cells from from MxI-cre control, MxI-cre AsxIIfl/fl, MxI1-cre AsxI2fl/fl, Mx1-cre
AsxlIfl/fl AsxI2fl/fl CD45.27T mice were injected into lethally irradiated
(2 x 450cGy) CD45.1 " recipient mice. Peripheral blood chimerism was assessed as
described in competitive transplantation experiments. Additionally, for each
bleeding whole blood cell counts were measured on an automated blood analyser.
For AMLI1-ETO and AML1-ETO9a retroviral primary BMT experiments,
donor cells from MxI-cre control or MxI-cre AsxI2fl/fl mice were treated with a
single dose of 5-fluoruracil (150 mgkg ~!) followed by BM harvest from the
femora, tibiae and hip bones 6 days later. RBCs were removed by ACK lysis buffer,
and nucleated BM cells were transduced with viral supernatants containing
MSCV-AMLI-ETO9a-IRES-BEX for 2 days followed by injection of 100,000
PBEX + cells per recipient mouse via tail vein injection into lethally irradiated
(2 x 450cGy) CD45.1 recipient mice associated with 500,000 wild-type CD45.1 ©
support BM. For secondary transplantation experiments, 6-week-old, sub-lethally
irradiated (450cGy) C57/BL6 recipient mice were injected with 1 x 10 primary
AML1-ETO9a leukemic cells per recipient.

Methylcellulose colony assays. Megakaryocyte colonies were processed using
STEMCELL Technologies” protocol for MegaCult-C products for Mouse
CFU-Mk Assays. Briefly, LSK cells were sorted by flow cytometry and were
cultured for 10 days in a double chamber culture slide (5,000 cells/chamber) with
serum-free medium containin§ cytokines (thThrombopoietin 50 ngml ~ !, rhIL-6
20ngml ~ 1, rmIL-3 10 nml ~1). After dehydration and fixation the cells were
stained for Megakaryocytes Acetylcholinesterase activity. CFU-Mk that were
acetylcholinesterase positive and contained at least 3 megakaryocytes were counted.

Antibodies. Cell populations were analysed using a FACSFortessa (Becton Dick-
inson) and sorted with a FACSAria II instrument (Becton Dickinson). All FACS
antibodies were purchased from BD Pharmingen, BioLegend or eBioscience. We used
the following antibodies: c-Kit (2B8, Cat# 105808, 1:100), Sca-1 (D7, Cat# 108114,
1:100), B220 (RA3-6B2, Cat# 103222, 1:200), Mac-1/CD11b (M1/70, Cat# 101206,
1:200), Gr-1 (RB6-8C5, Cat# 108412, 1:200), NK1.1 (PK136, Cat# 108724, 1:100),
Ter119 (TER-119, Cat# 116223, 1:100), IL-7 R A7R34, Cat# 135014, 1:100), CD3
(17A2, Cat# 100222, 1:100), CD4 (RM4-5, Cat# 100526, 1:100), CD8 (53-6.7, Cat#
100712, 1:100), CD16/32 (93, Cat# 56-0161-82, 1:100), CD34 (RAM34, Cat# 11-
0341-85, 1:100), CD41 (MWReg30, Cat# 133916, 1:100), CD45.1 (A20, Cat# 110738,
1:100), CD45.2 (104, Cat# 109822, 1:100), CD48 (HM48-1, Cat# 103422, 1:100),
CD71 (RI7217.1.4, Cat# 12-1501-82,1:100), and CD150 (mShad150, Cat# 12-1502-
82,1:100).

The following antibodies were used for Western Blot analysis: anti-ASXL2
(Bethyl laboratories A302-037A, 1:2,000), anti-ASXL1 (Santa-Cruz sc-85283,
1:200), anti-beta-Actin (Sigma-Aldrich A5441, 1:1,000) and anti-Tubulin
(Sigma-Aldrich T6199, 1:1000).

Antibodies used for ChIP include anti-H3K4me3 (Cell Signaling 97518, 1:50),
anti-H3K27ac (Abcam ab4729, 2 pg for 25 pg of chromatin) and anti-H3K4mel
(Abcam ab8895, 2 ng for 25 pig of chromatin), anti-H3K27me3 (Millipore 07-449,
2 g for 25 g of chromatin), anti-ASXL1 (Santa Cruz sc-98302, 1:50) and anti-
ASXL2 (Bethyl A302-037A, 2 pg for 25 pg of chromatin).

Histone extraction. Histones were extracted using the Active Motif Histone
Extraction Minikit (Active Motif 40026).

ChlIP-Seq and motif analysis. For ChIP-seq in murine cells 10 million BM c-Kit ™
cells (isolated with anti-mouse CD117 microbeads (Miltenyi Biotec)) were used.
For ChIP in SKNO-1 cells, 10 millions of GFP + cell were used. Briefly, cells were
fixed in a 1% methanol-free formaldehyde solution and then resuspended in
sodium dodecyl sulfate (SDS) lysis buffer. Lysates were sonicated in an E220
focused-ultrasonicator (Covaris) to a desired fragment size distribution of 100-500
base pairs. IP reactions were performed with the indicated antibodies, each on
approximately 500,000 cells®3. ChIP assays were processed on an SX-8G IP-STAR
Compact Automated System (Diagenode) using a direct ChIP protocol as described
elsewhere®. Eluted chromatin fragments were then de-crosslinked and the DNA
fragments purified using Agencourt AMPure XP beads (Beckman Coulter).
Barcoded libraries were prepared from the ChIP-enriched and input DNA using
a NEBNext ChIP-seq Library Prep Master Mix Set for Illumina (New England
BioLabs) and TruSeq Adaptors (Illumina) according to the manufacturer’s
instructions on an SX-8G IP-STAR Compact Automated System (Diagenode).
Phusion High-Fidelity DNA Polymerase (New England BioLabs) and TruSeq
PCR Primers (Illumina) were used to amplify the libraries, which were then
purified to remove adaptor dimers using AMPure XP beads and multiplexed
on the HiSeq 2000 (Illumina). Previosuly published anti-RUNXI and AML1-ETO
ChIP-seq were downloaded from the NCBI Gene Expression Omnibus
(GEO;http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE23730 (ref. 30).
Raw ChIP-seq data were analysed using Basepair software
(http://www.basepairtech.com/) with pipelines including the following steps: the
raw fastq data were trimmed using trim_galore to remove low-quality ends from
reads (quality <15) and adapter sequences. The trimmed data was aligned using
Bowtie2 (ref. 65) to UCSC genome assembly hg19 (for human samples) or mm9
(for mouse samples). Duplicate reads were removed using Picard and bigwig files
were created for visualization. Peaks were identified with Macs1.4 (ref. 66) and
transcription factor binding motifs were detected with Homer. Peaks overlapping
with Satellite repeat regions were discarded and remaining filtered peaks were
annotated using custom scripts based on UCSC refFlat data%’, where peaks
between —2500bp to 2500 bp of a transcription start site were marked as
Promoter, the overlapping gene body were marked as Genebody and the rest were
marked as Intergenic. For intergenic peaks, a gene was considered a target if it was
within 1 Mb of the peak. All ChIP-seq reads were normalized and displayed as read
counts per million mapped reads.

ATAC-seq. ATAC-seq was performed as previously described®®. For each sample,
nuclear extracts were prepared from 50,000 cells, and incubated with 2.5 pul of
transposase (Illumina) in a 50 pl reaction for 30 min at 37 °C. After purification of
transposase-fragmented DNA, the library was amplified by PCR and subjected to
high-throughput sequencing using the HiSeq 2000 platform (Illumina). ATAC-seq
reads were normalized and displayed as read counts per million mapped reads.

mRNA, sequencing. RNA-Seq was conducted with three biological replicates from
each group. Genetic phenotyping experiments were replicated three times inde-
pendently. RNA was extracted from sorted mouse cell populations using Qiagen
RNeasy columns. poly(A)-selected, unstranded Illumina libraries were prepared
with a modified TruSeq protocol. 0.5X AMPure XP beads were added to the sample
library to select for fragments <400 bp, followed by 1X beads to select for frag-
ments >100bp. These fragments were then amplified with PCR (15 cycles) and
separated by gel electrophoresis (2% agarose). 300 bp DNA fragments were isolated
and sequenced on the Illumina HiSeq 2000 (~ 100 M 101 bp reads per sample).
Differential expression tests were performed using the Cuffdiff module of Cufflinks
with RefSeq genes provided as an annotation (— N, — and — M options engaged).
We considered genes that had a P<0.05 to be significantly different between

genotypes.

Statistical analyses. Data were analysed using GraphPad Prism 7 software.

A 2-tailed Student’s T test was performed in 2-group comparisons. When
comparing multiple groups, one-way analysis of variance followed by Tukey’s
post-hoc test was performed. *P<0.05; **P<0.01; **P<0.001. A log-ranked
(Mantel-Cox) test was used to calculate statistical significance in Kaplan-Meier
survival studies.

Histological analyses. Mice were sacrificed and autopsied, and then dissected
tissue samples were fixed for 24 h in 4% paraformaldehyde, dehydrated, and
embedded in paraffin. Paraffin blocks were sectioned at 4 pm and stained with
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haematoxylin and eosin (H&E). Images were acquired using an Axio Observer Al
microscope (Carl Zeiss).

Analysis of protein stability. HEK293T cells were transfected with full-

length wild-type ASXL2 cDNA or ASXL2 cDNAs bearing ASXL2 mutations
(p.E1287X, p.T740NfsX16)) followed by treatment with DMSO or cycloheximide
(100 ugml ~ ). After 12h exposure cells were harvested and results were analysed
by western blotting using ASXL2 antibody. The Quantification of the 3estern bands
was done using Image] Software.

Data availability. All ChIP-, ATAC-, and RNA-seq data from this study are
deposited in the Gene Expression Omnibus (GEO) under accession number
GSE84365. All other remaining data are available within the Article and
Supplementary Files, or available from the authors upon request.

References

1. Ernst, P. et al. Definitive hematopoiesis requires the mixed-lineage leukemia
gene. Dev. Cell 6, 437-443 (2004).

2. Klauke, K. et al. Polycomb Cbx family members mediate the balance between
haematopoietic stem cell self-renewal and differentiation. Nat. Cell Biol. 15,
353-362 (2013).

3. Hidalgo, L et al. Ezhl is required for hematopoietic stem cell maintenance and
prevents senescence-like cell cycle arrest. Cell Stem Cell 11, 649-662 (2012).

4. Xie, H. et al. Polycomb repressive complex 2 regulates normal hematopoietic
stem cell function in a developmental-stage-specific manner. Cell Stem Cell 14,
68-80 (2014).

5. Lee, S. C. et al. Polycomb repressive complex 2 component Suzl2 is required
for hematopoietic stem cell function and lymphopoiesis. Blood 126, 167-175
(2015).

6. Gelsi-Boyer, V. et al. Mutations of polycomb-associated gene ASXL1 in
myelodysplastic syndromes and chronic myelomonocytic leukaemia. Br. J.
Haematol. 145, 788-800 (2009).

7. Patel, J. P. et al. Prognostic relevance of integrated genetic profiling in acute
myeloid leukemia. N. Engl. J. Med. 366, 1079-1089 (2012).

8. Thol, F. et al. Prognostic significance of ASXL1 mutations in patients with
myelodysplastic syndromes. J. Clin. Oncol. 29, 2499-2506 (2011).

9. Katoh, M. & Katoh, M. Identification and characterization of ASXL2 gene in
silico. Int. J. Oncol. 23, 845-850 (2003).

10. Baskind, H. A. et al. Functional conservation of AsxI2, a murine homolog for
the Drosophila enhancer of trithorax and polycomb group gene Asx. PLoS ONE
4, 4750 (2009).

. Fisher, C. L., Randazzo, F., Humphries, R. K. & Brock, H. W. Characterization
of Asxl1, a murine homolog of additional sex combs, and analysis of the
Asx-like gene family. Gene 369, 109-118 (2006).

12. LaFave, L. M. et al. Loss of BAP1 function leads to EZH2-dependent

transformation. Nat. Med. 21, 1344-1349 (2015).

13. Park, U. H,, Yoon, S. K,, Park, T., Kim, E. J. & Um, S. J. Additional sex
comb-like (ASXL) proteins 1 and 2 play opposite roles in adipogenesis via
reciprocal regulation of peroxisome proliferator-activated receptor {gamma}.
J. Biol. Chem. 286, 1354-1363 (2011).

14. Huether, R. et al. The landscape of somatic mutations in epigenetic
regulators across 1,000 paediatric cancer genomes. Nat. Commun. 5, 3630
(2014).

15. Micol, J. B. et al. Frequent ASXL2 mutations in acute myeloid leukemia patients
with t(8;21)/RUNX1-RUNXIT1 chromosomal translocations. Blood 124,
1445-1449 (2014).

16. Faber, Z. J. et al. The genomic landscape of core-binding factor acute myeloid
leukemias. Nat. Genet. 48, 1551-1556 (2016).

17. Genovese, G. et al. Clonal hematopoiesis and blood-cancer risk inferred from
blood DNA sequence. N. Engl. J. Med. 371, 2477-2487 (2014).

18. Jaiswal, S. et al. Age-related clonal hematopoiesis associated with adverse

outcomes. N. Engl. J. Med. 371, 2488-2498 (2014).

. McKerrell, T. et al. Leukemia-associated somatic mutations drive distinct
patterns of age-related clonal hemopoiesis. Cell Rep. 10, 1239-1245 (2015).

20. Miyamoto, T., Weissman, I. L. & Akashi, K. AMLI/ETO-expressing
nonleukemic stem cells in acute myelogenous leukemia with 8;21 chromosomal
translocation. Proc. Natl Acad. Sci. USA 97, 7521-7526 (2000).

21. Shima, T. et al. The ordered acquisition of Class II and Class I mutations directs
formation of human t(8;21) acute myelogenous leukemia stem cell. Exp.
Hematol. 42, 955-965 €951-955 (2014).

22. Miyamoto, T. et al. Persistence of multipotent progenitors expressing
AMLI1/ETO transcripts in long-term remission patients with t(8;21) acute
myelogenous leukemia. Blood 87, 4789-4796 (1996).

23. Higuchi, M. et al. Expression of a conditional AML1-ETO oncogene bypasses
embryonic lethality and establishes a murine model of human t(8;21) acute
myeloid leukemia. Cancer Cell 1, 63-74 (2002).

1

—

1

o

24.

25.

26.

27.

28.

29.

3

o

3

—

32.

3

w

3

'S

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

49.

50.

5

—

52.

5

W

Hatlen, M. A. et al. Integrative genetic analysis of mouse and human AML
identifies cooperating disease alleles. J. Exp. Med. 213, 25-34 (2016).
Duployez, N. et al. Comprehensive mutational profiling of core binding factor
acute myeloid leukemia. Blood 127, 2451-2459 (2016).

Abdel-Wahab, O. et al. Deletion of Asxll results in myelodysplasia and severe
developmental defects in vivo. J. Exp. Med. 210, 2641-2659 (2013).

Wang, J. et al. Loss of Asxll leads to myelodysplastic syndrome-like disease in
mice. Blood 123, 541-553 (2014).

Oguro, H., Ding, L. & Morrison, S. J. SLAM family markers resolve functionally
distinct subpopulations of hematopoietic stem cells and multipotent
progenitors. Cell Stem Cell 13, 102-116 (2013).

Tonks, A. et al. Transcriptional dysregulation mediated by RUNX1-RUNX1T1
in normal human progenitor cells and in acute myeloid leukaemia. Leukemia.
21, 2495-2505 (2007).

. Martens, J. H. et al. ERG and FLI1 binding sites demarcate targets for aberrant

epigenetic regulation by AML1-ETO in acute myeloid leukemia. Blood 120,
4038-4048 (2012).

. Ptasinska, A. et al. Depletion of RUNX1/ETO in t(8;21) AML cells leads to

genome-wide changes in chromatin structure and transcription factor binding.
Leukemia. 26, 1829-1841 (2012).

Maiques-Diaz, A. et al. Chromatin modifications induced by the AML1-ETO
fusion protein reversibly silence its genomic targets through AMLI and Spl
binding motifs. Leukemia 26, 1329-1337 (2012).

. Li, Y. et al. Genome-wide studies identify a novel interplay between

AML1 and AML1/ETO in t(8;21) acute myeloid leukemia. Blood 127, 233-242
(2015).

. Ptasinska, A. et al. Identification of a dynamic core transcriptional network in

t(8;21) AML that regulates differentiation block and self-renewal. Cell Rep. 8,
1974-1988 (2014).

Pratcorona, M. et al. Acquired mutations in ASXL1 in acute myeloid leukemia:
prevalence and prognostic value. Haematologica 97, 388-392 (2012).
Abdel-Wahab, O. et al. ASXL1 mutations promote myeloid transformation
through loss of PRC2-mediated gene repression. Cancer cell 22, 180-193
(2012).

Balasubramani, A. et al. Cancer-associated ASXL1 mutations may act as
gain-of-function mutations of the ASXL1-BAP1 complex. Nat. Commun. 6,
7307 (2015).

Dey, A. et al. Loss of the tumour suppressor BAP1 causes myeloid
transformation. Science 337, 1541-1546 (2012).

Rasmussen, K. D. ef al. Loss of TET2 in hematopoietic cells leads to DNA
hypermethylation of active enhancers and induction of leukemogenesis. Genes
Dev. 29, 910-922 (2015).

Klinakis, A. et al. A novel tumour-suppressor function for the Notch pathway
in myeloid leukaemia. Nature 473, 230-233 (2011).

Yan, M. et al. A previously unidentified alternatively spliced isoform of t(8;21)
transcript promotes leukemogenesis. Nat. Med. 12, 945-949 (2006).

Byrd, J. C. et al. Extramedullary leukemia adversely affects hematologic
complete remission rate and overall survival in patients with t(8;21)(q22;q22):
results from Cancer and Leukemia Group B 8461. J. Clin. Oncol. 15, 466-475
(1997).

Rege, K. et al. Disease features in acute myeloid leukemia with t(8;21)(q22;q22).
Influence of age, secondary karyotype abnormalities, CD19 status, and
extramedullary leukemia on survival. Leuk. Lymphoma 40, 67-77 (2000).
Mochizuki-Kashio, M. et al. Ezh2 loss in hematopoietic stem cells predisposes
mice to develop heterogeneous malignancies in an Ezhl-dependent manner.
Blood 126, 1172-1183 (2015).

Zhang, J. et al. Disruption of KMT2D perturbs germinal center B cell
development and promotes lymphomagenesis. Nat. Med. 21, 1190-1198
(2015).

Ortega-Molina, A. et al. The histone lysine methyltransferase KMT2D sustains
a gene expression program that represses B cell lymphoma development. Nat.
Med. 21, 1199-1208 (2015).

Lin, S. et al. Instructive role of MLL-fusion proteins revealed by a model

of t(4;11) Pro-B acute lymphoblastic leukemia. Cancer Cell 30, 737-749 (2016).
Krivtsov, A. V. & Armstrong, S. A. MLL translocations, histone modifications
and leukaemia stem-cell development. Nat. Rev. Cancer 7, 823-833 (2007).
Bejar, R. et al. Clinical effect of point mutations in myelodysplastic syndromes.
N. Engl. J. Med. 364, 2496-2506 (2011).

Haferlach, T. et al. Landscape of genetic lesions in 944 patients with
myelodysplastic syndromes. Leukemia 28, 241-247 (2014).

. Itzykson, R. et al. Prognostic score including gene mutations in chronic

myelomonocytic leukemia. J. Clin. Oncol. 31, 2428-2436 (2013).

Fisher, C. L. et al. Loss-of-function additional sex combs like 1 mutations
disrupt hematopoiesis but do not cause severe myelodysplasia or leukemia.
Blood 115, 38-46 (2010).

. Sinclair, D. A. et al. The additional sex combs gene of Drosophila encodes a

chromatin protein that binds to shared and unique polycomb group sites on
polytene chromosomes. Development 125, 1207-1216 (1998).

| 8:15429 | DOI: 10.1038/ncomms15429 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

54. Milne, T. A,, Sinclair, D. A. & Brock, H. W. The additional sex combs gene of
Drosophila is required for activation and repression of homeotic loci, and
interacts specifically with Polycomb and super sex combs. Mol. Gen. Genet.
261, 753-761 (1999).

55. Park, U. H. et al. ASXL2 promotes proliferation of breast cancer cells by linking
ERalpha to histone methylation. Oncogene 35, 3742-3752 (2015).

56. Heintzman, N. D. et al. Distinct and predictive chromatin signatures of
transcriptional promoters and enhancers in the human genome. Nat. Genet. 39,
311-318 (2007).

57. Creyghton, M. P. et al. Histone H3K27ac separates active from poised
enhancers and predicts developmental state. Proc. Natl Acad. Sci. USA 107,
21931-21936 (2010).

58. Rada-Iglesias, A. et al. A unique chromatin signature uncovers early
developmental enhancers in humans. Nature 470, 279-283 (2011).

59. Spencer, D. H. et al. Epigenomic analysis of the HOX gene loci reveals
mechanisms that may control canonical expression patterns in AML and
normal hematopoietic cells. Leukemia 29, 1279-1289 (2015).

60. Thorsteinsdottir, U., Kroon, E., Jerome, L., Blasi, F. & Sauvageau, G. Defining
roles for HOX and MEISI genes in induction of acute myeloid leukemia. Mol.
Cell Biol. 21, 224-234 (2001).

. Thorsteinsdottir, U. et al. Overexpression of HOXA10 in murine hematopoietic
cells perturbs both myeloid and lymphoid differentiation and leads to acute
myeloid leukemia. Mol. Cell Biol. 17, 495-505 (1997).

. Bach, C. et al. Leukemogenic transformation by HOXA cluster genes. Blood
115, 2910-2918 (2010).

63. Krivtsov, A. V. et al. H3K79 methylation profiles define murine and human

MLL-AF4 leukemias. Cancer Cell 14, 355-368 (2008).

64. O’Geen, H., Echipare, L. & Farnham, P. J. Using ChIP-seq technology to
generate high-resolution profiles of histone modifications. Methods Mol. Biol.
791, 265-286 (2011).

65. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357-359 (2012).

66. Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9,
R137 (2008).

67. Heinz, S. et al. Simple combinations of lineage-determining transcription
factors prime cis-regulatory elements required for macrophage and B cell
identities. Mol. Cell 38, 576-589 (2010).

. Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. & Greenleaf, W. J.
Transposition of native chromatin for fast and sensitive epigenomic profiling of
open chromatin, DNA-binding proteins and nucleosome position. Nat.
Methods 10, 1213-1218 (2013).

6

—

6

153

6

o]

Acknowledgements

J.-B.M. is supported by grants from the Fondation de France and Philippe Foundation.
AP is a Mildred-Scheel Postdoctoral Research Fellow of the Deutsche Krebshilfe e.V.
(number 111354). D.I. is supported by Post-doctoral Fellowships for Research Abroad
from the Japan Society for the Promotion of Science, the YASUDA Medical

Foundation, and the Kanae Foundation for the Promotion of Medical Science. EK is
supported by the Worldwide Cancer Research Fund. SC-WL is supported by a
Leukemia and Lymphoma Society (LLS) Special Fellow Award. BHD is supported by the
American Society of Hematology (ASH). AY is supported by the Aplastic Anemia and
MDS Research Foundation. OAW is supported by grants from the Edward P. Evans
Foundation, the Dept. of Defense Bone Marrow Failure Research Program (BM150092
and W81XWH-12-1-0041), NIH/NHLBI (R01 HL128239), an NIH K08 Clinical Investi-
gator Award (1K08CA160647-01), the Josie Robertson Investigator Program, a Damon
Runyon Clinical Investigator Award, an award from the Starr Foundation (18-A8-075),
the Leukemia and Lymphoma Society, and the Pershing Square Sohn Cancer Research
Alliance.

Author contributions

J.-B.M., AP, D.I, and O.A.-W. designed the research studies, J.-B.M., A.P,, D.I, EK,,
S.C-W.L,YRC, HC, XJ.Z, AY. and AK. conducted experiments, J.-B.M.,, D.I, EK,,
S.C.-W.L, YRC, HC. acquired data, ].-BM,, AP, DI, EK, S.C-W.L, BHD, RK,
AS., and O.A.-W. Analysed data, N.D,, E.S. and C.P. provided reagents, and J.-B.M.,
AP, DI, and O.A.-W. wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing interests: A.S. is an employee of Basepair Inc. All other authors have no
competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Micol, J.-B. et al. ASXL2 is essential for hematopoiesis
and acts as a haploinsufficient tumour suppressor in leukemia. Nat. Commun. 8, 15429
doi: 10.1038/ncomms15429(2017).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0
BYi International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

| 8:15429 | DOI: 10.1038/ncomms15429 | www.nature.com/naturecommunications 13


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	ASXL2 is essential for haematopoiesis and acts as a haploinsufficient tumour suppressor in leukemia
	Introduction
	Results
	ASXL2 mutations result in loss of ASXL2 protein expression
	Generation of Asxl2 conditional knockout mice
	Asxl2 is required for normal haematopoiesis
	Asxl2 is required for haematopoietic stem cell self-renewal
	Asxl2 target genes overlap with those of RUNX1 and AML1-ETO
	Overlap of ASXL2 and AML1-ETO target genes in AML cells
	H3K27me3 loss and alterations at enhancers with ASXL2 loss
	Asxl2 loss promotes AML1-ETO-mediated leukemogenesis

	Discussion
	Methods
	Human subjects
	Animals
	Generation of Asxl2 and Asxl1/2 conditional knockout mice
	Cell culture
	Transfection and retrovirus production
	Mouse bone marrow transplantation assays
	Methylcellulose colony assays
	Antibodies
	Histone extraction
	ChIP-Seq and motif analysis
	ATAC-seq
	mRNA, sequencing
	Statistical analyses
	Histological analyses
	Analysis of protein stability
	Data availability

	Additional information
	Acknowledgements
	References




