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Introduction
Alteration of epigenetic regulation provides a critical mechanism 
in the development of myeloid leukemia (1–3). Recent genomic 
studies have resulted in an emerging understanding of the sig-
nificance of chromatin regulators in cancer (4–6). Additional sex 
combs-like 1 (ASXL1) is frequently mutated in a wide range of 
myeloid malignancies (7–11), including myelodysplastic syndrome 
(MDS), myeloproliferative neoplasm (MPN), chronic myelomono-
cytic leukemia (CMML), and acute myeloid leukemia (AML). 
Notably, ASXL1 mutations are generally associated with aggres-
siveness and poor clinical outcomes (12, 13). We and others have 
established several Asxl1-KO mouse models and demonstrated 
in mice that loss of Asxl1 leads to MDS-like disease, which can 
transform into myeloid leukemia with age (14, 15). These studies 
suggest that additional mutations may cooperate with Asxl1 loss to 
induce leukemia transformation.

Mutations of genes involved in the MAPK pathway, such as acti-
vating mutations of NRAS or KRAS and inactivating mutations of 
NF1, are common genetic events in AML (16, 17). Observations in 

juvenile myelomonocytic leukemia (JMML) and CMML, along with 
studies of genetically engineered mice, provide compelling evidence 
that NF1 and RAS mutations may function as either early/initiating 
or cooperating mutations for leukemia progression (6, 18, 19).

Integrated genomic approaches identified potential cooperating 
events in AML (20, 21), such as comutations of genes involved in 
chromatin modifiers (e.g., ASXL1) and activated signaling (e.g., NF1) 
(22). Therefore, elucidation of the molecular mechanisms underly-
ing alterations of both ASXL1 and NF1 has translational significance 
for patients with myeloid malignancies. Malignancies in NF1 result 
from a combination of ubiquitous NF1 heterozygosity and somatic 
loss of the residual NF1 allele (i.e., loss of heterozygosity) (23, 24). 
Epigenetic dysregulation leads to altered transcriptional events that 
are key for cell fates and that may prime for oncogenesis when muta-
tions of signaling pathways occur. Abdel-Wahab et al. have shown 
that viral transduction of NRasG12D with Asxl1 shRNA into bone 
marrow (BM) cells accelerates myeloproliferation (25). However, the 
cellular and molecular mechanism underlying the cooperative effect 
of ASXL1 and RAS pathway gene mutations in myeloid malignancies 
remains to be elucidated. Furthermore, an effective treatment for 
such patients with myeloid malignancies with comutations in ASXL1 
and RAS pathway genes is desperately needed.

In the current study, we show that haploinsufficiency of both 
Asxl1 and Nf1 (Asxl1+/– Nf1+/–) cooperates to accelerate myeloid leu-
kemia transformation in vivo. RNA-sequencing (RNA-Seq) analyses 
of Asxl1+/– Nf1+/– hematopoietic stem/progenitor cells (HSCs/HPCs) 
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splenomegaly, and the femurs were pale with cKit+Mac1+ cell infil-
tration (Supplemental Figure 1, H–J), a phenocopy of the myeloid 
leukemia observed in the primary Asxl1+/– Nf1+/– mice.

To determine whether additional mutations could occur in 
the leukemic cells on the Asxl1 and Nf1 haploinsufficient back-
ground, we performed whole-exome sequencing using leukemic 
cells from 2 deceased Asxl1+/– Nf1+/– mice. The tail tissue from 1 
mouse was used as a control. Surprisingly, we did not identify any 
gene mutations known to be critical for leukemogenesis in the 
Asxl1+/– Nf1+/– leukemic cells (Supplemental Table 3). Of note, we 
did not observe a loss of heterozygosity at the Asxl1 and Nf1 loci in 
the hematopoietic cells of these Asxl1+/– Nf1+/– mice (Supplemental 
Figure 1K). Collectively, these results suggest an intrinsic coop-
erative effect of Asxl1 and Nf1 haploinsufficiency in accelerating 
myeloid leukemia.

Asxl1 and Nf1 haploinsufficiency alters HSC/HPC cell fates. To 
determine whether haploinsufficient loss of Asxl1 and Nf1 affects 
stem cell self-renewal and differentiation, we next compared the 
composition of the HSC/HPC compartment in the BM of mice 
of the 4 different genotypes. The frequency of long-term HSCs 
(LT-HSCs) was significantly increased in the BM of Asxl1+/– Nf1+/– 
mice compared with that of mice from the other groups (Figure 
2A), while the frequencies of Lin−Sca1+cKit+ (LSK) cells, short-term 
HSCs (ST-HSCs), and multipotent progenitors (MPPs) were com-
parable among the 4 groups of mice (Figure 2, B–D). To determine 
the effect of Asxl1 and Nf1 loss on the colony-forming capacity of 
BM cells, we next prepared methylcellulose cultures and com-
pared the frequency of CFU cells (CFU-Cs) in BM from mice of the 
4 different genotypes. We detected significantly higher frequen-
cies of CFU-Cs, CFU-granulocytes/macrophages (CFU-GMs), 
and mixed colonies of GMs, erythrocytes, and megakaryocytes 
(GEMMs) in BM cells from Asxl1+/– Nf1+/– mice compared with BM 
cells from mice of the other genotypes (Figure 2E).

The preservation of a normal stem cell pool and the produc-
tion of blood cells require a balance between self-renewal and 
differentiation of HSCs/HPCs. To determine the replating poten-
tial of CD34−LSK cells over time, we performed CFU-C replat-
ing assays. Although we observed a steady decline of replating 
potential in WT cultures, we detected significantly higher replat-
ing activity over 4 successive replating periods in Asxl1+/– Nf1+/– 
CD34−LSK cell cultures (Figure 2F), suggesting an increased self- 
renewal capacity of Asxl1+/– Nf1+/– CD34–LSK cells. To further deter-
mine whether haploinsufficient loss of Asxl1 and Nf1 affects HSC/
HPC symmetric/asymmetric cell division, we next performed 
paired daughter cell assays (26) to assess the proportions of sym-
metric self-renewal, symmetric differentiation, and asymmetric 
division using sorted CD34−LSK cell populations from mice of 
the 4 genotypes. Haploinsufficiency of Asxl1 and Nf1 resulted in 
a higher proportion of cells with symmetric self-renewal capacity 
(43.1%) compared with WT cells (27.7%) (Figure 2G). In contrast, 
the symmetric differentiation division potential was significantly 
reduced in Asxl1+/– Nf1+/– CD34–LSK cells (36.3%) compared with 
that of WT cells (48.2%). The frequency of cells that underwent 
asymmetric division in Asxl1+/– Nf1+/– CD34−LSK cells was similar 
to that of cells from the other groups of mice. These data suggest 
that heterozygous deletion of both Asxl1 and Nf1 cooperatively 
affects the cell fates of HSCs/HPCs.

reveal aberrant transcriptional activation of multiple pathways, such 
as MYC, NRAS, and BRD9, that are critical for leukemogenesis, 
indicating a gain of function of the alterations of Asxl1 and Nf1 in epi-
genetic regulation. Importantly, pharmacological inhibition of both 
the BET bromodomain and the MAPK pathway prevents leukemia 
initiation and inhibits disease progression. Furthermore, concomi-
tant mutations of ASXL1 and NF1 or other RAS pathway genes are 
associated with a more aggressive disease status in patients with 
myeloid malignancies. This study provides a therapeutic strategy for 
the treatment of patients with myeloid malignancies with ASXL1 and 
RAS pathway gene mutations.

Results
Haploinsufficiency of Asxl1 and Nf1 leads to myeloid leukemia in mice. 
To determine the functional significance of comutations of ASXL1 
and NF1 in the disease progression of myeloid malignancies, we 
intercrossed Asxl1 heterozygous (Asxl1+/–) mice with Nf1+/– mice 
and generated Asxl1+/– Nf1+/– mice. Quantitative reverse transcrip-
tion PCR (RT-qPCR) confirmed a 40%–60% reduction in mRNA 
expression of Asxl1 and Nf1 in Asxl1+/– Nf1+/– cells compared with 
expression in WT cells (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI121366DS1). Of note, we observed no obvious difference in 
Asxl1 or Nf1 mRNA expression levels between young mice and 
diseased mice (Supplemental Figure 1A). Consistent with our 
previous work, the survival rate of Asxl1+/– mice was 83% up to 
600 days of age, and the deceased Asxl1+/– mice died of myeloid 
malignancies such as MDS or MDS/MPN (Figure 1, A and B). In  
contrast, the survival rate of Asxl1+/– Nf1+/– mice was significantly 
lower (22%) than that for mice of the 3 other genotypes (Figure 1A 
and Supplemental Table 1).

Examination of peripheral blood (PB) parameters showed 
that a subset of Asxl1+/– Nf1+/– mice developed profound anemia 
and thrombocytopenia compared with age-matched WT mice 
(Supplemental Figure 1B). A subset of Asxl1+/– Nf1+/– mice (n = 3) 
developed myeloid leukemia (Figure 1B). These leukemic Asxl1+/– 
Nf1+/– mice had high WBC counts compared with those of mice of 
the other genotypes (Figure 1C and Supplemental Table 2). Phe-
notypic analyses by flow cytometry revealed a higher percentage 
of the cKit+Mac1+ cell population in the BM of Asxl1+/– Nf1+/– mice 
(Figure 1D). Consistently, morphologic analysis of cytospins pre-
pared from the BM cells revealed an accumulation of blastic cells 
in Asxl1+/– Nf1+/– mice (Figure 1E). Necropsy of the deceased or mor-
ibund Asxl1+/– Nf1+/– mice demonstrated hepatosplenomegaly (Fig-
ure 1F and Supplemental Figure 1, C and D), lower body weights 
(Supplemental Figure 1E), and pale foot pads, indicating cachex-
ia. Histological analyses of BM, splenic, and liver sections from 
Asxl1+/– Nf1+/– mice showed a disrupted architecture with significant 
myeloid cell infiltration (Figure 1G and Supplemental Figure 1F). 
These results suggest a cooperative effect of Nf1 and Asxl1 haploin-
sufficiency on accelerating the pathogenesis of myeloid leukemia.

To verify the malignant nature of the cells from the moribund 
Asxl1+/– Nf1+/– mice, we performed a tumor transfer assay by injecting 
splenic cells from a deceased mouse into sublethally irradiated WT 
recipient mice. Transfer of splenic cells from a moribund Asxl1+/– 
Nf1+/– mouse led to the early death of the WT recipients (at the age 
of 6 weeks, Supplemental Figure 1G). All the recipient mice had  
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Figure 1. Development of myeloid leukemia in Asxl1+/– Nf1+/– mice. (A) Kaplan-Meier survival curve represent-
ing the survival percentage of WT (n = 16), Asxl1+/– (n = 17), Nf1+/– (n = 16), and Asxl1+/– Nf1+/– (n = 20) mice over 
time. No lethality was observed for WT or Nf1+/- mice during this period. A log-rank test was used to deter-
mine the survival statistics. (B) Pie charts illustrate the relative frequency of different hematopoietic diseases 
found in Asxl1+/- (n = 11) and Asxl1+/– Nf1+/– (n = 12) mice. (C) Peripheral WBC counts for WT, Asxl1+/-, Nf1+/-, and 
Asxl1+/– Nf1+/– mice (n = 11–12 per group). (D) Expansion of myeloid-lineage cells in Asxl1+/– Nf1+/– mice. Flow 
cytometric analysis of BM cells revealed increased Mac1+ cells as well as an expanded cKit+ cell population. (E) 
May-Grunwald-Giemsa–stained cytospin preparations of BM cells from WT and Asxl1+/– Nf1+/– mice. Scale bar: 
10 μm. (F) Representative size and weight of spleens from mice of each genotype (n = 11–12 per group). (G) 
Representative H&E-stained sections from BM and spleens from WT and Asxl1+/– Nf1+/– mice. Scale bars: 100 
μm (left); 10 μm (right). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way 
ANOVA with Tukey’s multiple comparisons test.
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tive transplantation assays by transplanting WT, Asxl1+/–, Nf1+/–, or 
Asxl1+/– Nf1+/– BM cells (CD45.2+) with competitor cells (CD45.1+) at 
a 1:1 ratio into lethally irradiated recipient mice (CD45.1+). Kinetic 
analysis of the donor cell chimerism in the PB of recipient mice 
revealed higher levels of CD45.2+ cell populations in mice receiv-
ing Asxl1+/– Nf1+/– BM cells, whereas a stable percentage of CD45.2+ 
cell populations was observed in the PB of recipient mice trans-

To evaluate whether Asxl1 and Nf1 haploinsufficiency–mediated  
alteration in HSC/HPC functions is cell autonomous, we next 
performed BM transplantation assays. Mice transplanted with 
Asxl1+/– Nf1+/– BM cells developed myeloid leukemia as evidenced 
by stomach sarcoma infiltrated with Gr1+Mac1+ myeloid cells 
(Supplemental Figure 2, A and B). To examine the repopulating 
capacity of Asxl1+/– Nf1+/– BM cells in vivo, we performed competi-

Figure 2. Altered HSC self-renewal and cell fates in Asxl1+/– Nf1+/– mice. (A–D) Flow cytometric quantification of the percentages of LT-HSCs (A), LSK 
cells (B), ST-HSCs (C), and MPPs (D) in total BM cells from mice of each genotype (n = 4 per group). (E) CFU-Cs in BM cells from WT, Asxl1+/–, Nf1+/–, and 
Asxl1+/– Nf1+/– mice (n = 3 per group) were assessed in semisolid media in the presence of mSCF, mIL-3, mEPO, mTPO, mGM-CSF, and human IL-6. BFU-E, 
burst-forming unit–erythrocytes; GEMM, mixed colonies of GMs, erythrocytes, and megakaryocytes. (F) CD34−LSK single-cell replating assays show the 
increased self-renewal capacity of Asxl1+/– Nf1+/– cells compared with that of WT control cells (n = 3 mice per group). (G) Paired daughter cell assays were 
performed at the single-cell level on CD34−LSK cells isolated from WT, Asxl1+/–, Nf1+/–, and Asxl1+/– Nf1+/– mice (n = 67–102 paired cells from 3 mice per group), 
and each was analyzed for symmetric self-renewal (SS, red), asymmetric division (AD, green) or symmetric differentiation (SD, blue). (H) Competitive 
repopulation assay using BM cells from Asxl1+/– Nf1+/– mice. CD45.2+ BM cells from WT, Asxl1+/–, Nf1+/–, or Asxl1+/– Nf1+/– mice were mixed with equal numbers 
of CD45.1+ competitor cells and transplanted into lethally irradiated CD45.1+ recipient mice (n = 4–5 per group). The percentage of CD45.2+ cells was then 
monitored every 3 months. (I) Percentage of Gr1+Mac1+ cells within the CD45.2+ cell population in PB from WT and Asxl1+/– Nf1+/– recipient mice (n = 4–5 per 
group). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA with Tukey’s multiple comparisons test (A–E and H) or 
unpaired Student’s t test (F and I).



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 3 8 7jci.org   Volume 128   Number 12   December 2018

had much higher levels of MYC and RAS-GTP compared with levels 
in WT control cells (Supplemental Figure 3, E and F). It is notewor-
thy that patients with AML who harbor ASXL1 and/or RAS pathway 
mutations also exhibit an elevation in RNA expression of MYC down-
stream targets (NRP1 and IRF7) (Supplemental Figure 3, G and H). 
Thus, the aberrant upregulation of gene expression in Asxl1+/– Nf1+/– 
HSCs/HPCs parallels that seen in AML patients, which could be a 
characteristic, if not driving, event in leukemogenesis.

Loss of Asxl1 and Nf1 cooperates to promote myeloid trans-
formation. This led us to hypothesize a gain of function in gene 
expression. We identified a pool of differentially expressed genes 
(DEGs) in Asxl1+/– (66 genes) and Nf1+/– (60 genes) cKit+ cells 
compared with WT cells (FC ≥1.2 and FDR <0.25, Supplemental 
Table 4). More than half of the DEGs seen in the cKit+ cells with 
single-allele mutations (Asxl1+/– or Nf1+/–) had dramatic changes in 
Asxl1+/– Nf1+/– cells (P < 1 × 10–22, Figure 3E). In contrast, we found 
that approximately 95% of DEGs in Asxl1+/– Nf1+/– cKit+ cells were 
not significantly changed in single-mutant cells. Importantly, 84% 
(21 of 25) of the activated signatures related to NRAS/NF1, MYC, 
AML, and NUP98-HOXA9 in Asxl1+/– Nf1+/– cells did not display a 
significant rise in RNA expression in the single-mutant cells (Fig-
ure 3F and Supplemental Figure 3I). Furthermore, 93.3% (28 of 
30) of the master regulators aberrantly expressed were specific 
to double-mutant cells (Supplemental Figure 3J). Therefore, the 
impact of the loss of both Asxl1 and Nf1 on the transcriptome was 
much greater than would be expected from the additive effects of 
individual mutant alleles, implying a gain of function in gene reg-
ulation by the combined loss of Asxl1 and Nf1.

Increased H3K4me3 enrichment in Asxl1+/– Nf1+/– cells contributes 
to hyperactivation of key transcription programs. While Asxl1 loss 
promotes myeloid transformation through abrogation of PRC2- 
mediated H3K27me3 (25), RAS pathway mutations alter H3K27ac 
marking at active typical and super enhancers (28). To test whether  
haploinsufficiency of both Asxl1 and Nf1 affects gene-specific 
histone modifications, we performed ChIP assays followed by 
sequencing (ChIP-Seq) for H3K27me3, H3K4me3, H3K4me1, and 
H3K27ac in WT and Asxl1+/– Nf1+/– cKit+ cells. Normalized global 
read density and locus-level enrichment consistently revealed a 
significant increase (30% higher) in genome-wide H3K4me3 occu-
pancy in Asxl1+/– Nf1+/– cells compared with WT cells (P = 7.8 × 10−17) 
(Figure 4A and Supplemental Figure 4, A–D). In support of this find-
ing, thousands of differentially H3K4me3-enriched regions were 
identified regardless of cutoffs, in which more than 98% displayed 
an increase of H3K4me3 enrichment in Asxl1+/– Nf1+/– cKit+ cells 
(Figure 4B). We observed no significant effect on the other 3 histone 
marks in WT or Asxl1+/– Nf1+/– cKit+ cells. Western blotting verified 
the increased levels of global H3K4me3 in Asxl1+/– Nf1+/– cKit+ cells 
(Supplemental Figure 4E). Furthermore, we detected a significant 
increase of H3K4me3 enrichment in DKO cKit+ cells compared with 
WT control cells (Supplemental Figure 4, F and G). Using a more 
stringent cutoff, 610 H3K4me3-enriched regions had at least a 
1.4-fold increase in H3K4me3, while only 2 regions had a 1.4-fold 
reduction in H3K4me3 in Asxl1+/– Nf1+/– (P < 0.001, FDR < 0.01 and 
logarithm of counts per million reads [logCPM] ≥5) (Figure 4C). 
These results demonstrate that alterations of both Asxl1 and Nf1 
lead to a marked increase in genome-wide H3K4me3 occupancies 
in HSCs/HPCs.

planted with WT or Nf1+/– BM cells (Figure 2H). Notably, the PB 
of chimeric mice receiving Asxl1+/– Nf1+/– BM cells was dominated 
by myeloid-lineage cells (Figure 2I). These results indicate that 
Asxl1+/– Nf1+/– cells possess a competitive advantage with a skewed 
differentiation toward the myeloid lineage.

Deletion of Asxl1 and Nf1 accelerates the development of myeloid 
leukemia in vivo. Asxl1–/– mice exhibited severe MDS and died of 
BM failure (15), while mice with Nf1 loss in the hematopoietic 
system (Nf1Δ/Δ) were characterized by myeloproliferative features 
(27). To assess the cooperative effect of complete loss of Asxl1 and 
Nf1 on leukemogenesis in vivo, we generated Mx1Cre Asxl1fl/fl Nf1fl/fl 
mice by intercrossing MxCre Asxl1fl/fl mice with Nf1flfl mice. Follow-
ing polyinosinic-polycytidylic acid (pIpC) injection, we analyzed 
the hematopoietic phenotypes. Asxl1Δ/Δ Nf1Δ/Δ double-KO (DKO) 
mice had a lower survival rate than did Asxl1+/–Nf1+/–, Asxl1Δ/Δ, or 
Nf1Δ/Δ mice (Supplemental Figure 2C). The DKO mice displayed a 
rapid, progressive leukocytosis with severe anemia and thrombo-
cytopenia 3–6 months after pIpC injection (Supplemental Figure 
2, D–G), which was indicative of aggressive myeloid leukemia 
with 100% penetrance.

Examination of the PB, BM, and spleen revealed that the DKO 
mice had a high frequency of myeloid blastic cells (Supplemental 
Figure 2H). Flow cytometric analysis verified a higher percentage 
of the cKit+ cell population in the BM cells of DKO mice (Supple-
mental Figure 2I). In addition, DKO mice had splenomegaly along 
with massive myeloid infiltration (Supplemental Figure 2, J and 
K). These data demonstrate that deletion of Asxl1 and Nf1 acceler-
ates the progression of myeloid leukemia in vivo.

Cooperative effect of Asxl1 and Nf1 loss on the induction of a 
MYC-driven transcription signature. To understand the molecular 
mechanism underlying Asxl1 and Nf1 loss–associated myeloid trans-
formation, we examined gene expression profiles of the WT, Asxl1+/–, 
Nf1+/–, and Asxl1+/– Nf1+/– cKit+ cells by RNA-Seq. Compared with WT 
and single mutant cells, haploinsufficiency of both Asxl1 and Nf1 
resulted in a distinct gene expression signature in cKit+ cells consist-
ing of 831 upregulated and 559 downregulated genes (fold change 
[FC] ≥1.2 and FDR <0.25), with elevated expression of known onco-
genes such as Myc and Ccnd1 (Figure 3A, Supplemental Figure 3, A 
and B, and Supplemental Table 4). To identify key transcriptional 
hubs that regulate these expression changes, we used the Upstream 
Regulator analysis tool (www.nihlibrary.nih.gov/resources/tools/
ingenuity-pathways-analysis-ipa) and identified 16 upregulated and 
14 downregulated genes as key master regulators (overlap P < 1 × 10–20, 
network P < 0.01 and |Z score| ≥1.5) (Figure 3B). Notably, top-ranked 
regulators in Asxl1+/– Nf1+/– cKit+ cells include the oncogene Myc, the 
cell migration– and development–related gene Mmp14, as well as the 
immune response–related genes Tlr3, Cxcl12, and Gfra2. Consistent-
ly, gene set enrichment analysis (GSEA) identified multiple key tran-
scription signatures, including AML, NRAS, NUP98-HOXA9, and 
MYC and MYC upregulators BRD4 and BRD9, in Asxl1+/– Nf1+/– cells 
compared with WT and single mutant cells (P < 0.01 and FDR <0.20) 
(Figure 3C and Supplemental Figure 3C). In support of this find-
ing, several known self-renewal and differentiation genes that were 
activated by NRAS, MYC, and NUP98-HOXA9 were validated with 
RT-qPCR (Figure 3D). Immunofluorescence revealed an accumula-
tion of the MYC protein in Asxl1+/– Nf1+/– cells (Supplemental Figure 
3D). Furthermore, Western blotting showed that Asxl1+/– Nf1+/– cells 
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The consensus from genome-wide scale analysis reveals that 
H3K4me3 is characteristic of a transcriptionally active status (29, 
30). Genes significantly upregulated in Asxl1+/– Nf1+/– cells showed 
a significant increase in H3K4me3 occupancies at their promoters, 
as shown by GSEA analysis (Supplemental Figure 4H). To deter-
mine whether the increased H3K4me3 enrichment contributes 
to the activation of key transcription programs, we assessed the 
occupancies of histone marks on the MYC hallmark signature as 
well as on Myc and Ccnd1, two genes associated with cell prolifer-
ation. A substantial elevation of H3K4me3 in Asxl1+/– Nf1+/– cKit+ 
cells versus WT cells affected almost all genes of the MYC-driven  
transcription program (40 core activated genes), as shown by 
ChIP-Seq tag densities (Figure 4D). GSEA confirmed that genes 
comprising the MYC-driven program were enriched for increased 
H3K4me3 occupancies in Asxl1+/– Nf1+/– cKit+ cells compared with 
WT cells (Figure 4E). Myc was marked by the active histone mod-
ifications H3K4me1/3 and H3K27ac, which were distributed 
throughout the promoter and partial gene body (Figure 4F). Ccnd1 
was occupied by activation and repression histone marks, including 
H3K4me1/3 and H3K27me3, at its promoter region (Supplemen-
tal Figure 4I). Expression levels and upregulated transcription of 
Myc and Ccnd1 in Asxl1+/– Nf1+/– cKit+ cells were closely correlated  
with a higher intensity of H3K4me3 rather than of other histone 
marks. We also examined H3K4me3 occupancies for other dysreg-
ulated signatures shown in Figure 3F. Interestingly, we found that 
signatures driven by MYC, BRD9, AML, and NUP98-HOXA9 had 
higher H3K4me3 occupancies at their promoter regions in Asxl1+/– 
Nf1+/– cKit+ cells, while the NRAS-driven signature did not change 
(Supplemental Figure 4J). ChIP-qPCR confirmed significant 
increases in H3K4me3 at the promoters of genes that were activated 
by MYC and NUP98-HOXA9 in Asxl1+/– Nf1+/– cKit+ cells, in contrast 
to minimal changes in H3K27me3 occupancies (Figure 4G and Sup-
plemental Figure 4K). Thus, Asxl1+/– Nf1+/– cKit+ cells are character-
ized by a global increase of H3K4me3 that contributes to the activa-
tion of key transcription programs such as MYC/BRD9 signatures, 
suggesting that the AML oncogenic program and myeloid transfor-
mation may be associated with global elevation of H3K4me3.

Combined PD0325901 and JQ1 treatment inhibits the development 
of myeloid leukemia in Asxl1/Nf1 double-mutant mice. Recently, the 

bromodomain and extraterminal (BET) family proteins BRD4 and 
BRD9 were identified as therapeutic targets in AML (31, 32). The 
inhibition of BRD4 and BRD9 abolished the abnormal self-renewal 
program in leukemia stem cells through a Myc-dependent mecha-
nism (31–33). We next investigated the efficacy of JQ1 and/or a MEK 
inhibitor (PD0325901, hereafter referred to as PD-901) on DKO 
CFU-Cs using colony-forming assays in the presence of PD-901, 
JQ1, or a combination of PD-901 and JQ1 (PD-901/JQ1). Strikingly, 
the DKO cells were highly sensitive to the combination of PD-901 
and JQ1, as evidenced by a significantly lower frequency of CFU-Cs 
compared with those from PD-901 or JQ1 single treatment (Figure 
5A). In addition, we prepared liquid cultures of BM cells with PD-901 
and/or JQ1 in the presence of a cytokine cocktail for 3 days, followed 
by assessment of the myeloid cell population using flow cytometry. 
Addition of PD-901 to the liquid culture reduced the percentage of 
cKit+ cells, while JQ1 decreased the Gr1+Mac1+ cell population without 
affecting the cKit+ cells in the DKO cultures. Interestingly, the com-
bination of PD-901 and JQ1 dramatically reduced both Gr1+Mac1+ 
and cKit+Mac1+ cell populations, indicating that the combination of 
PD-901 plus JQ1 is capable of diminishing both myeloid blast cells 
and mature Gr1+Mac1+ cells in the cultures of DKO BM cells (Supple-
mental Figure 5A).

To determine whether targeting both MYC and MAPK path-
ways could prevent the myeloid leukemia initiation and/or slow 
down disease progression in vivo, we treated the DKO mice with 
PD-901 and JQ1 following pIpC injection (Supplemental Figure 
5B). After 10 weeks of treatment, the mice were sacrificed, and 
the hematological phenotypes were characterized. Combined 
treatment with PD-901 and JQ1 significantly decreased WBC and 
monocyte counts, while RBC, hemoglobin, and platelet counts 
were significantly increased in the DKO mice (Figure 5, B–E, and 
Supplemental Figure 5C). The BM cellularity was significantly 
increased in PD-901/JQ1–treated mice compared with that seen 
in the vehicle-treated DKO mice (Supplemental Figure 5D). The 
spleen sizes of DKO mice were also significantly decreased fol-
lowing PD-901 plus JQ1 treatment compared with the spleens of 
vehicle-treated controls (Figure 5, F and G, and Supplemental Fig-
ure 5E). Flow cytometric analyses and cytospin preparation of BM 
cells revealed that PD-901/JQ1 treatment dramatically reduced 
the percentage of myeloid progenitor cells and blastic cells in 
DKO mice compared with the vehicle-treated DKO mice (Figure 
5, H and I, and Supplemental Figure 5F), while PD-901/JQ1 treat-
ment did not change the overall percentage of the Gr1+Mac1+ cell 
population (Supplemental Figure 5G). Interestingly, the spleen 
weights and BM cKit+Mac1+ cell populations in DKO mice treated 
with either PD-901 or JQ1 were significantly reduced compared 
with vehicle controls (Figure 5, G and I, and Supplemental Figure 
5E). Furthermore, PD-901/JQ1 treatment significantly increased 
the CD71+Ter119+ cell population in the BM of DKO mice (Supple-
mental Figure 5H). Morphological analyses of the histological sec-
tions revealed that PD-901/JQ1–treated DKO BM and spleen had 
a comparable architecture of WT BM and spleen, and no myeloid 
infiltration was observed in the BM, spleens, or livers of PD-901/
JQ1–treated DKO mice (Figure 5J).

Next, we asked whether pharmacological inhibition of the 
BET bromodomain and MAPK pathway could reverse the dys-
regulated gene profiling in DKO BM cells. RT-qPCR verified 

Figure 3. Cooperative effect of Asxl1 and Nf1 loss on the induction of 
a MYC-driven transcription signature. (A) Heatmap shows a unique 
expression signature in Asxl1+/– Nf1+/– cKit+ cells compared with that of 
control cells. Averaged expression values of DEGs (FC ≥1.2 and FDR <0.25) 
in 2 mice of each genotype were normalized and are shown. (B) Scatter 
plot displaying the number of regulated genes and targeted regulators for 
master regulators. Red and blue indicate up- and downregulated master 
regulators, respectively. (C) GSEA of the RNA-Seq data for Asxl1+/– Nf1+/– 
cKit+ cells compared with control cells. Selected dysregulated signatures 
are indicated in color and shown with the NES, P, and FDR values. (D) 
RT-qPCR verified the increase in mRNA levels of the indicated genes asso-
ciated with NRAS, MYC, NUP98-HOXA9, and AML (n = 3–8 mice per group). 
Data represent the mean ± SEM. **P < 0.01, by 1-way ANOVA with Tukey’s 
multiple comparisons test. (E) Numbers and overlap of DEGs in Asxl1+/– 
Nf1+/– and single mutant cells. The significance of the overlaps was tested 
using GeneOverlap (a Fisher’s exact test–based method). (F) Heatmap 
displays the expression difference of selected dysregulated signatures 
from C in Asxl1+/– Nf1+/– and single mutant cells compared with controls (P 
< 0.05 and FDR <0.25).
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malignancies, we recruited a cohort of 138 patients with myeloid 
malignancies harboring ASXL1 mutations to the current study and 
analyzed the cooperating mutation genes. All the patients were 
diagnosed with myeloid malignancies, including AML, MDS, 
MPN, or MDS/MPN, according to the 2016 revised World Health 
Organization criteria (34, 35). We examined the gene mutational  
profiles of these patients on the basis of targeted sequencing of 67 
frequently mutated genes in myeloid malignancies (Figure 6A and 
Supplemental Table 5). We identified 35 patients with gene muta-
tions involving the RAS/MAPK signaling pathway, including NF1, 
NRAS, KRAS, PTPN11, or CBL, in the cohort of 138 patients with 
ASXL1 mutations (Supplemental Table 6). We did not observe 
loss of heterozygosity in either ASXL1 or RAS pathway genes in 
these patients (Supplemental Table 6). Notably, the incidence of 
AML was significantly higher in patients with RAS pathway gene 
mutations (48.6%) than in those without RAS pathway mutations 
(29.1%, Figure 6B and Supplemental Table 7). According to the 
revised International Prognostic Scoring System (36), the MDS 
patients with RAS pathway gene mutations had a higher frequency  
of very high-risk MDS (28.6%) than did patients without RAS path-
way gene mutations (6.7%, Supplemental Table 8). These data rein-
force the notion that concomitant mutations of ASXL1 and RAS 
pathway genes are probably associated with myeloid malignancies 
with worse prognosis.

Discussion
Cancers commonly harbor mutations in both signaling path-
way components and chromatin regulators. Increasing evidence 
shows that mutations involving epigenetic regulation and signal-
ing pathways cooperate to promote AML progression in mice. For 
example, loss of Tet2 or Dnmt3a cooperates with Flt3ITD to induce 
myeloid leukemia (37–39). Recent studies indicate that oncogenic 
RAS mutations or loss of Nf1 cooperate with chromatin regulators, 
such as Dnmt3a, Tet2, Mll3, and Suz12, to accelerate leukemogen-
esis (40–44). Given the high frequency of NF1/RAS mutations in 
myeloid malignancies and the need for an effective therapy target-
ing the oncogenic RAS pathway, we sought to determine whether 
ASXL1 and NF1 cooperate in leukemogenesis.

We found that RAS pathway gene mutations occurred in 25.4% 
of ASXL1-mutated myeloid malignancies with a poorer prognosis. 
Using mouse models of ASXL1 and NF1, we showed that loss of 
both Asxl1 and Nf1 in hematopoietic cells led to lethal myeloid leu-
kemia, verifying the cooperative effect of mutations in ASXL1 and 
RAS pathway genes in aggressive forms of myeloid malignancies. 
Importantly, pharmacological inhibition of both MYC and MAPK 
pathways prevented disease initiation and inhibited the pro-
gression of myeloid leukemia. This study provides a therapeutic  
strategy for the treatment of myeloid malignancies with ASXL1 
and RAS pathway gene mutations.

ASXL1 plays an important role in gene regulation (25, 45, 
46). We and others have reported that loss of Asxl1 dysregulates 
the transcription profile in hematopoietic cells via modulation of 
repressive histone modifications, such as H3K27me3 (14, 15, 47, 48). 
However, it remains unclear whether concurrent ASXL1 and NF1 
alterations result in a distinct epigenetic signature, triggering leuke-
mogenesis. Our ChIP-Seq analyses revealed a substantial increase 
in global H3K4me3 occupancies in both Asxl1+/– Nf1+/– and DKO 

that expression levels of several selected upregulated genes key 
for hematopoiesis, including Stat1, Usp18, Myc, and Nrp1, were 
significantly reduced following PD-901/JQ1 treatment (Figure 
5K). In contrast, expression of the erythroid transcription factors 
Tal1 and Klf1 were significantly elevated in BM cells following the 
treatment (Supplemental Figure 5I). Consistently, enrichment 
of H3K4me3 at the promoter regions of Myc and Nrp1 was also 
reduced in the BM cells treated with PD-901 plus JQ1, as deter-
mined by ChIP-qPCR (Supplemental Figure 5J). These data sug-
gest that decreased gene expression is associated with the reduced 
enrichment of H3K4me3 at the promoter regions of these genes. 
Interestingly, PD-901/JQ1 treatment did not change the enrich-
ment of H3K4me3 at the promoter regions of Stat1 and Usp18 
(Supplemental Figure 5J), suggesting that the changes in these 
genes were H3K4me3 independent.

To validate the treatment effect by PD-901/JQ1 observed in 
the DKO mice, we further applied PD-901/JQ1 treatment to the 
WT recipient mice reconstituted with Asxl1+/– Nf1+/– leukemic cells. 
Compared with the vehicle control group, we found that PD-901/
JQ1 treatment significantly extended the survival of Asxl1+/– Nf1+/– 
leukemic, reconstituted mice (Supplemental Figure 5, K and L).  
Furthermore, the human AML cell line NOMO1, harboring both 
ASXL1 and RAS mutations, was also sensitive to PD-901/JQ1 
treatment, as assessed by viable cell counts in cultures (Sup-
plemental Figure 5M). Consistently, PD-901/JQ1 dramatically 
reduced the expression of MYC, NRP1, and USP18 in NOMO1 
cells (Supplemental Figure 5N). These results indicate that Asxl1 
and Nf1 loss cooperates to promote leukemogenesis and that the 
combined targeting of the MYC and MAPK pathways may offer an 
optional therapeutic value for patients with myeloid malignancies 
harboring ASXL1 and RAS pathway gene mutations.

Concomitant mutations of ASXL1 and RAS pathway genes are 
more prevalent in AML and high-risk MDS. To determine whether 
the findings in our mouse models recapitulate human myeloid 

Figure 4. Increased H3K4me3 enrichment contributes to aberrant 
activation of key signatures in Asxl1+/– Nf1+/– cKit+ cells. (A) Global levels 
of histone modifications at peaks and flanking 1-kb regions. For ease of 
comparison, normalized coverages by sequencing depth were scaled to 
100% and averaged in 2 biological replicates. (B) Number of DERs for each 
histone modification identified in Asxl1+/– Nf1+/– cells compared with WT 
cells according to different cutoffs. (C) Density plot of H3K4me3 ChIP-Seq 
data sets centered on the midpoints of 610 H3K4me3-increased regions. 
The plot depicts tag counts in 50-bp bins in the ± 5-kb region surrounding 
the center. Each row represents a single region. (D) Heatmap displays the 
densities of histone modification marks on 40 activated genes from the 
hallmark MYC signature. The ChIP signal density was calculated to be 
enrichment fold (EF) for the TSS ± 5-kb regions that were averaged in 2 
biological replicates. AN, Asxl1+/– Nf1+/–. (E) GSEA plot showing enrichment 
of the hallmark MYC signature consisting of 40 activated genes in genes 
marked by promoter H3K4me3 occupancies in Asxl1+/– Nf1+/– versus WT 
cells. NES, P, and FDR values are shown. (F) Normalized ChIP-binding 
signals are displayed for 4 histone modifications on the Myc gene. The y 
axis represents the normalized read density that was averaged in 2 biolog-
ical replicates. The identified DER and its statistical difference between 
Asxl1+/– Nf1+/– versus WT cells are indicated in a blue box. TES, transcription 
end site. (G) ChIP-qPCR verified the increase in H3K4me3 occupancies at 
the promoters of the indicated genes associated with NRAS, MYC, NUP98-
HOXA9, and AML (n = 3–4 mice per group). Data represent the mean ± 
SEM. *P < 0.05 and **P < 0.01, by unpaired Student’s t test.
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Figure 5. Inhibition of the MAPK pathway and MYC using PD-901 and JQ1 eradicates leukemogenesis in vivo. (A) Colony-forming assays of splenic cells 
from DKO mice treated with vehicle, PD-901, JQ1, or PD-901/JQ1 (n = 6 mice per group from 4 independent experiments). (B–E) Peripheral WBC (B), RBC (C), 
hemoglobin (D), and platelet (E) counts for vehicle-treated (n = 6), PD-901–treated (n = 4), JQ1-treated (n = 4), and PD-901/JQ1–treated (n = 7) DKO mice. (F 
and G) Spleen size and weight significantly decreased in the PD-901–, JQ1-, and PD-901/JQ1–treated groups. (H and I) The frequency of cKit+Mac1+ cells sig-
nificantly decreased in the treatment group. (J) Representative H&E-stained sections from BM, spleen, and liver are shown. Scale bar: 100 μm. (K) Expres-
sion levels of key genes were rescued in the PD-901/JQ1–treated group (n = 3–6 mice per group). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and 
***P < 0.001, by 1-way ANOVA with Tukey’s multiple comparisons test.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 3 9 3jci.org   Volume 128   Number 12   December 2018

Phenotypic analyses of mice. PB was collected and subjected to an 
automated blood count (Hemavet System 950FS, Drew Scientific). 
For morphological and lineage differential analysis, PB smears were 
subjected to May-Grünwald-Giemsa staining. Morphological analy-
ses of BM and splenic cells were performed on cytospins followed by 
May-Grünwald-Giemsa staining. For histopathologic analyses, femurs 
and sternums were fixed for more than 24 hours in 10% neutral buffered 
formalin at room temperature and demineralized in a solution of 10% 
EDTA for 1 to 2 weeks. The specimens and other soft tissues (spleen and 
liver) were dehydrated using ethanol and cleared in xylenes. The spec-
imens were then embedded in melted paraffin and allowed to harden. 
Thin sections (4–5 μm thickness) were cut and floated onto microscope 
slides. For routine assessment, slides were stained with H&E. The slides 
were visualized under a Nikon TE2000-S microscope.

Flow cytometry, cell sorting, and colony assays. Total WBC were 
obtained after lysis of PB with red cell lysis buffer. Single-cell suspensions 
from BM and PB were stained with panels of fluorochrome-conjugated 
antibodies (Supplemental Table 9). Flow cytometric analysis of HSCs/
HPCs was performed as previously described (26). The analyses were 
performed using a BD FACSCanto II or LSR Fortessa flow cytometer 
(BD Biosciences). All data were analyzed using FlowJo software, version 
10. BM cKit+ cells were sorted using cKit (CD117) MicroBeads (Miltenyi  
Biotec). The purity of selected cKit+ cells was routinely greater than 95%. 
For CFU assays, BM or splenic cells were plated in triplicate in methyl-
cellulose medium (MethoCult M3134, STEMCELL Technologies) sup-
plemented with mouse stem cell factor (mSCF) (100 ng/ml), mouse 
IL-3 (mIL-3)  (10 ng/ml), mouse erythropoietin (mEPO) (4 U/ml), mouse 
thrombopoietin (mTPO) (50 ng/ml), mouse granulocyte-macrophage 
CSF (mGM-CSF) (10 ng/ml), and human IL-6 (50 ng/ml, Peprotech). 
The cells were then scored on day 7 of the cultures at 37°C and 5% CO2.

Paired daughter cell assay. Paired daughter cell assays were per-
formed to examine the frequency of HSC self-renewal and differen-
tiation capabilities (58). Single CD34−LSK cells from BM were sorted 
into 96-well plates at 1 cell per well containing RPMI 1640 medium 
supplemented with mSCF (100 ng/ml) and mTPO (50 ng/ml). After 
the first cell division, the 2 daughter cells were separated, 1 per well, for 
an additional 12 days in the medium supplemented with mSCF, mIL-3, 
mEPO, mTPO, and mGM-CSF. The self-renewal and differentiation 
capabilities of cultured CD34−LSK cells were determined by micro-
scopic morphological analyses following H&E staining.

Single-cell colony assay. To explore the proliferative potential of sin-
gle LT-HSCs, we performed the single cell colony assay as previously 
described (59). Single CD34−LSK cells were sorted into 96-well plates 
with 10% FBS, 1% BSA, and 2 mM L-glutamine in α-MEM and supple-
mented with mSCF (100 ng/ml), mIL-3 (10 ng/ml), mEPO (4 U/ml), 
and mTPO (50 ng/ml). The colonies were scored after 7 days, and the 
progenitors of individual colonies were collected and replated onto a 
new 96-well plate.

Transplantation assays. Total BM single-cell suspensions were har-
vested from 1-month-old WT and Asxl1+/– Nf1+/– mice (without obvious 
disease phenotype), and 1 × 106 cells were injected into lethally irradiated  
(9.5 Gy) WT recipients (CD45.1+) through the tail vein. For the tumor  
transfer assay, 1 × 106 splenic cells from a 13-month-old Asxl1+/– Nf1+/– 
mouse with myeloid leukemia were injected into sublethally irradiated 
(6.5 Gy) WT recipients (CD45.1+). The recipient mice were sacrificed when 
they became moribund. The mice were examined to determine their  
hematological phenotype and development of myeloid malignancies.

cKit+ cells compared with that observed in WT cells. Interesting-
ly, using MLL-rearranged AML models, Wong et al. demonstrated 
that a hyper-H3K4me3 epigenetic state maintains a transcriptional  
program of leukemic stem cells and that its global decrease is asso-
ciated with leukemic stem cell differentiation  (49). Our data also 
suggest an association between H3K4me3 and the expression pro-
file for key transcription programs, especially those for MYC-driv-
en signature genes, that may contribute to leukemogenesis. MLL 
is one of the major methyltransferases responsible for H3K4me3 
(50). We found that the MLL target gene signature was upregu-
lated in Asxl1+/– Nf1+/– cKit+ cells and was accompanied by a signif-
icant increase in H3K4me3 occupancies at their promoter regions 
(Supplemental Figure 3C and Supplemental Figure 4J). Kim et al. 
reported that SON interacted with Menin to inhibit MLL complex 
assembly, leading to a reduction of H3K4me3 and transcription 
repression (51). Interestingly, our previous mass spectrometric data 
showed that SON was a candidate interacting partner of ASXL1 (47).  
It is conceivable that ASXL1 loss may cooperate with Nf1 loss to 
interrupt SON-Menin interaction, leading to increased H3K4me3- 
associated leukemogenesis. Future studies are warranted to deter-
mine whether the link between ASXL1/NF1 and H3K4me3 is direct.

We and others have shown that Asxl1 mutations can result 
in loss of function and lead to MDS-like disease in mice (14, 15). 
Studies from several groups have also shown that truncated muta-
tions of Asxl1 generated gain of function and dominant-negative 
function, leading to myeloid leukemia (52–54). Future work to 
investigate the hematopoietic phenotypes in truncated Asxl1 and 
haploinsufficient Nf1-mutant mice is warranted.

PD-901 has been shown to rescue myeloproliferation and 
enhance erythropoiesis in Nf1-mutant cells in vivo (55). BET bromo-
domain inhibition by JQ1 downregulates MYC transcription as well 
as MYC-dependent target genes (33). Enrichment of MYC/BRD4/9 
and NRAS signature genes in Asxl1 and Nf1-deficient mice led us to 
hypothesize that targeting both the MYC/BRD4/9 and MAPK path-
ways may be sufficient to rescue the disease phenotype. Indeed, we 
found that PD-901/JQ1 treatment was sufficient to eradicate the 
disease phenotype, including a restored WBC count and inhibition 
of myeloid differentiation skewing. Consistently, the expression 
levels of MYC and NRAS target genes were restored to WT levels. 
This study thus provides strong evidence that JQ1 and PD-901  
combined therapy is of clinical significance for myeloid malignan-
cies with compound mutations of ASXL1 and RAS pathway genes.

Collectively, our results demonstrate that alterations in both 
ASXL1 and NF1 cooperatively act to accelerate myeloid leuke-
mia transformation with poorer outcomes. We determined that 
in creased MYC and MAPK pathway activation contributes to the 
progression of myeloid malignancies driven by combined loss of 
Asxl1 and Nf1. Our studies establish a platform for testing the thera-
peutic strategy to treat myeloid malignancies harboring ASXL1 and 
RAS pathway gene mutations.

Methods
Mice and chemicals. The generation of Asxl1+/–, Nf1+/–, Asxl1fl/fl, and Nf1fl/fl 
mice has been previously described (14, 15, 56, 57). Mx1-Cre–transgenic  
mice were purchased from The Jackson Laboratory. All mice were 
bred on a C57BL/6 genetic background. Chemicals were obtained 
from MilliporeSigma, unless otherwise indicated.
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Immunofluorescence. Cells were fixed in 4% paraformaldehyde 
(Alfa Aesar) in PBS for 15 minutes, permeabilized in 0.5% Triton 
X-100 in PBS for 5 minutes, blocked with 4% goat serum in PBS for 60 
minutes, and incubated with rabbit monoclonal anti–c-MYC (5605S, 
1:200, Cell Signaling Technology) for 2 hours at room temperature. 
DyLight 488–conjugated goat anti-rabbit was used as a secondary 

A competitive repopulation assay was performed by transplant-
ing a mixture of 1 × 106 1-month-old WT CD45.1+ BM competitor cells 
and 1 × 106 of 1-month-old WT, Asxl1+/, Nf1+/–, or Asxl1+/– Nf1+/– CD45.2+ 
BM cells into lethally irradiated (9.5 Gy) WT recipients (CD45.1+). PB 
engraftment was analyzed every 3 months for the following 12 months 
after transplantation.

Figure 6. Patterns of concomitantly mutated genes in patients with 
ASXL1-associated myeloid malignancies. (A) Identified mutations of 34 
genes in samples from the total cohort of 138 patients with ASXL1 muta-
tions are shown by colored squares. Only cases with at least 1 mutation 
are shown. (B) The incidence of AML was higher in comutations of ASXL1 
and RAS pathway genes.
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Seq annotation (released June 28, 2017) was obtained from UCSC using 
TopHat (version 2.1.1) (66) with a parameter of --max-multihits = 1. The 
rates of overall mapped reads reached approximately 90% to 97%. Cuf-
flink software (version 2.2.1) (66) was used to quantify the gene expres-
sion values by calculating the fragments per kilobase per million mapped 
reads (FPKM) value. Cuffdiff (66) was used to detect DEGs, and DEGs 
with a cutoff of P < 0.05, FC ≥1.2, and a FDR <0.25 were selected for 
further analyses. The identified DEGs shown in Supplemental Table 4  
were used for the master regulator prediction analyses with Ingenuity 
Pathway Analysis (IPA) (QIAGEN; www.qiagenbioinformatics.com/ 
products/ingenuity-pathway-analysis/). Master regulators predicted (P  
value of overlap < 1 × 10–20, network P < 0.01 and |Z score| ≥1.5) were 
selected if differentially expressed in Asxl1+/– Nf1+/– cells compared with 
controls. GSEA analysis (67) was performed with C2 curated gene sets  
and hallmark signatures in the GSEA Molecular Signatures Database 
(MSigDB), version 6.0, as well as with published signatures. Enriched 
gene sets in Asxl1+/– Nf1+/– cells compared with cells of other genotypes  
were selected using a cutoff of P < 0.05 and a FDR < 0.25.

Four expression data sets for AML patients with ASXL1 and/or 
RAS pathway mutations (NF1, NRAS, KRAS, PTPN11, and CBL) were 
obtained from TCGA database (21) and the NCBI’s Gene Expression 
Omnibus (GEO) database (GEO GSE42064 [ref. 68] and GSE84359 
[ref. 69]). DEGs in patients with ASXL1/RAS pathway mutations com-
pared with the individuals without ASXL1/RAS pathway mutations 
were identified with edgeR (70) (P < 0.05 and FC ≥1.5 or 2).

RT-qPCR analysis. Total RNA was extracted with TRIzol Reagent 
(Invitrogen, Thermo Fisher Scientific), and cDNA was synthesized 
using the QuantiTect Reverse Transcription Kit (QIAGEN) according 
to the manufacturer’s instructions. RT-qPCR was performed in tripli-
cate using an ABI 7500 with the Fast SYBR Green Master Mix (both 
from Applied Biosystems). Expression of the gene of interest was nor-
malized to the housekeeping gene Actb using the 2–ΔΔCt method. All 
RT-qPCR primers used are listed in Supplemental Table 10.

Western blot analysis. BM cKit+ cells were harvested from 8- to 
10-month-old preleukemic mice with splenomegaly. Lysates from 
cKit+ cells were prepared and then resolved on NuPAGE 4%–12% 
Bis-Tris Gels (Invitrogen, Thermo Fisher Scientific). Immunoblot-
ting was performed with the following antibodies: rabbit polyclonal 
anti-H3K4me3 (C15410003, 1:1,000, Diagenode); rabbit polyclonal 
anti-H3 (ab1791, 1:2,000, Abcam); rabbit monoclonal anti–c-MYC 
(5605S, 1:500, Cell Signaling Technology); and mouse monoclonal 
anti–β-actin (A2228, 1:2,000, MilliporeSigma). After incubation with 
anti–rabbit IgG or anti–mouse IgG antibodies conjugated with HRP 
(GE Healthcare), signals were detected using Pierce ECL Western 
Blotting Substrate (Thermo Fisher Scientific).

Quantification of RAS-GTP levels was performed using a RAS 
Activation Assay Kit (MilliporeSigma) according to the manufactur-
er’s instructions. The product was detected using a mouse monoclonal 
anti-RAS antibody (05-516, 1:1,000, MilliporeSigma).

ChIP-Seq and data analysis. ChIP assays were performed using cKit+ 
cells from 8-month-old Asxl1+/– Nf1+/– and WT mice as previously reported  
(26). Genomic DNA regions of interest were isolated using antibodies 
against H3K4me3 (C15410003, Diagenode), H3K4me1 (C15410194, 
Diagenode), H3K27ac (C15410196, Diagenode), and H3K27me3 (07-
449, MilliporeSigma). Additional H3K4me3 ChIP assays were performed 
using cKit+ cells from 8-month-old Asxl1+/– and Nf1+/– mice and cKit+ cells 
from Asxl1Δ/Δ, Nf1Δ/Δ, and DKO mice (3 months after pIpC). The ChIP 

antibody (35552, 1:500, Thermo Fisher Scientific). Samples were 
mounted in VECTASHIELD Antifade Mounting Medium containing 
DAPI (H-1200, Vector Laboratories) on glass slides and photographed 
on a fluorescence microscope (Nikon ECLIPSE Ci).

Inhibitor treatment. For CFU assays, splenic cells from Asxl1Δ/Δ 
Nf1Δ/Δ (DKO) mice were plated in methylcellulose medium in the pres-
ence of either DMSO (vehicle), 200 nM PD0325901 (PD-901, LC 
Laboratories), 200 nM JQ1 (APExBIO), or a combination of PD-901 
and JQ1. Inhibitors were prepared in DMSO and plated in a total vol-
ume of 1 μl/ml. All colonies were scored after 7 days of culture.

The human leukemic cell lines K562 and NOMO-1 were obtained 
from American Type Culture Collection (ATCC) and cultured in 
RPMI1640 medium with 10% FBS and 1% penicillin-streptomycin. 
Cells were treated with PD-901, JQ1, or a combination of PD-901 and 
JQ1 at the indicated concentrations (Supplemental Figure 5M) for 3 
days, after which the viable cells were counted.

In vivo treatment studies. DKO mice were randomized to begin 
treatment with either the MEK inhibitor PD-901 (5 mg/kg, oral 
gavage), the MYC inhibitor JQ1 (50 mg/kg, i.p. injection), a combina-
tion of PD-901 and JQ1, or vehicle followed by injection of pIpC. The 
mice used for in vivo treatment studies were 1 month old, and both 
males and females were included. After 10 weeks of treatment, the 
mice were sacrificed and analyzed.

Asxl1+/– Nf1+/– leukemic cells (1 × 106 cells per recipient mouse) were 
transplanted into sublethally irradiated WT recipient mice (CD45.1+). The 
mice were then randomized into 2 groups that received either vehicle or a 
combination of PD-901 and JQ1 two weeks after the transplantation. The 
recipient mice were monitored for hematopoietic phenotypes and signs 
of drug toxicity and then euthanized when the disease was evident.

Whole-exome sequencing analysis. DNA was prepared from 2 Asxl1+/– 
Nf1+/– leukemic cells, and 1 matched normal tail was used as a control. 
Exome libraries were captured with an Agilent SureSelectXT 50 mb 
Mouse All Exon Kit and followed by sequencing with a read length of 2 
× 100 bp using the Illumina HiSeq system. Approximately 3.5 Gb data 
per sample were aligned to the mouse genome (GRCm38/mm10) with 
the Burrows-Wheeler Alignment (BWA) tool (60). The alignments were 
preprocessed and duplications removed with the Picard tool (http://
broadinstitute.github.io/picard/) and GATK (61). Single nucleotide 
variants (SNVs) and small indels were called with both VarScan2 (62) 
and MuTect2 (63) (max_alt_allele_in_normal_fraction = 0.75) in leuke-
mia cells compared with control cells (at least 8 and 6 reads that cov-
ered the mutation loci in normal and cancer cells, respectively, with at 
least 2 reads supporting the variant allele), and were related to protein 
changes with ANNOVAR (64). Mutations that were found in genomic  
repeat, intergenic, and intronic regions as well as known polymor-
phism sites were excluded. Finally, 67 potential functional or regu-
latory point mutations with a variant allele frequency of at least 15% 
were kept for further analysis. The genes with potential point muta-
tions were assigned to pathways with ToppGene (65). The commonly  
mutated genes or pathways were searched for in the 2 leukemic mice.

RNA-Seq analyses. Purified cKit+ cells from 8-month-old Asxl1+/– 
Nf1+/– preleukemic mice with splenomegaly and age-matched WT, 
Asxl1+/–, and Nf1+/– mice were used. The RNA libraries were prepared with 
the Illumina TruSeq Strand-Specific mRNA Sample Preparation System 
and followed by sequencing with a read length of 2 × 76 bp using the 
Illumina NextSeq 500. Approximately 50 million paired-end reads per 
sample were aligned to the mouse genome (GRCm38/mm10), and Ref-
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Statistics. Differences between experimental groups were deter-
mined by the log-rank test, unpaired 2-tailed Student’s t test, or 1-way 
ANOVA followed by an appropriate post hoc correction. P values of 
less than 0.05 were considered statistically significant.

Study approval. Animal care and experiments were conducted 
in accordance with IACUC regulatory guidelines of the University 
of Miami Miller School of Medicine. BM samples for research were 
obtained from patients according to a study protocol approved by the 
ethics committee of the Institute of Hematology and Blood Diseases 
Hospital, Chinese Academy of Medical Sciences, with written informed 
consent provided by all patients prior to their inclusion in the study.

Data availability. The raw sequencing data reported here were 
deposited in the Genome Sequence Archive database (74) at the Bei-
jing Institute of Genomics (BIG) Data Center (75), Chinese Academy 
of Sciences, under accession numbers CRA000666 and CRA000668 
(http://bigd.big.ac.cn/gsa).
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libraries were prepared using the MicroPlex Library Preparation Kit 
(Diagenode) and sequenced with a read length of 76 bp on an Illumina 
NextSeq 500 system.

Approximately 20 to 50 million single-end reads per sample were 
aligned to the mouse genome (GRCm38/mm10), and enrichment 
peaks of histone modifications were called as described previously 
(26). Using MULTOVL version 1.2 (71), with the parameters ‘-u -m 1’, 
a total of 31277, 35312, 87995, and 37637 peak regions were present in 
at least 1 biological replicate of H3K4me3, H3K27me3, H3K4me1, and 
H3K27ac ChIP-Seqs, respectively (the union of overlapping regions 
was reported; minimum overlap required 1 bp). A total of 109,419 
union regions of 4 histone modifications were assigned to the nearest 
genes within 100 kb using RefSeq annotation (released June 28, 2017) 
from UCSC as described previously (26). Read counting and differen-
tial enrichment analysis for each histone modification were done with 
CisGenome (72) and edgeR (70), respectively. Significant differences 
in H3K27me3, H3K4me1, and H3K27ac enrichments were observed 
at only approximately 10 regions in Asxl1+/– Nf1+/– cells compared 
with WT cells that were filtered according to several sets of cutoffs. A 
total of 612 differentially enriched regions (DERs) of H3K4me3 were 
identified in Asxl1+/– Nf1+/– cells compared with WT cells (P ≤ 0.001, 
FC ≥1.4, FDR < 0.01, and logCPM ≥5), in which only 2 regions had 
a 1.4-fold reduction of H3K4me3 enrichment. Similarly, when com-
paring with matched WT cells, 20, 2,581, and 619 DERs of H3K4me3 
were identified in Asxl1Δ/Δ, Nf1Δ/Δ, and Asxl1Δ/Δ Nf1Δ/Δ cells, respectively  
(P ≤ 0.001, FC ≥1.3, FDR <0.01, and logCPM ≥5). ChIP-Seq read 
counts were normalized to reads per million (RPM) and combined 
into 1 matrix with deepTools (73) for heatmap and average profile 
visualization. For each gene, an enrichment fold of H3K4me3 at 
the transcription start site (TSS) ± a 5-kb region was defined as log2- 
transformed RPM in ChIP divided by RPM in the input, log2(ChIP/
input). This enrichment fold matrix was used to perform GSEA analysis. 
All figures were visualized in R and GraphPad Prism software.

Patients’ samples. A cohort of 138 patients with myeloid malig-
nancies harboring ASXL1 mutations was included in this study. The 
patients were diagnosed according to the 2016 revised World Health 
Organization criteria (35). The mutational status for 67 myeloid panel  
genes (Supplemental Table 5) was analyzed by targeted exome 
sequencing in BM mononuclear cells from 138 patients with MDS  
(n = 52), MPN (n = 29), MDS/MPN (n = 10), or AML (n = 47).

Targeted exome-sequencing and data analysis. Ion Torrent AmpliSeq  
(Thermo Fisher Scientific) was used for detecting the mutational  
status of 67 myeloid panel genes. SNVs and small indels (≤50 bp) were 
identified with Ion Reporter directly from within Torrent Suite Soft-
ware (Thermo Fisher Scientific) and annotated with the COSMIC  
cancer mutation database, human population variant databases 
including 1000 genomes, ExAC, and ESP6500, and functional tools 
and databases including SIFT, Polyphen2, and MutationTaster, as well 
as our collected mutation hotspots. SNVs and small indels that affect 
protein coding or splice sites were kept to determine the cooperativity  
of mutated genes if they had a minor allele frequency of less than  
0.05 in human populations.
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