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ABSTRACT
MLL rearrangements occur in myeloid and lymphoid leukemias and are generally 

associated with a poor prognosis, however this varies depending on the fusion 
partner. We modeled acute myeloid leukemia (AML) in mice using various MLL fusion 
proteins (MLL-FPs) and observed significantly different survival outcomes. To better 
understand the differences between these leukemias, we examined the genome 
wide expression profiles of leukemic cells transformed with different MLL-FPs. RNA-
sequencing and pathway analysis identified the c-Myc transcriptional program as 
one of the top distinguishing features. c-Myc protein levels were highly correlative 
with AML disease latency in mice. Functionally, overexpression of c-Myc resulted in a 
more aggressive proliferation rate in MLL-FP cell lines. While all MLL-FP transformed 
cells displayed sensitivity to BET inhibitors, high c-Myc expressing cells showed 
greater resistance to Brd4 inhibition. The Myc target Lin28B was also differentially 
expressed in MLL-FP cell lines in agreement with c-Myc expression. Examination of 
Lin28B miRNAs targets revealed that let-7g was significantly increased in leukemic 
cells associated with the longest disease latency and forced let-7g expression induced 
differentiation of leukemic blasts. Thus, differential regulation of the c-Myc/Lin28/
let-7g program by different MLL-FPs is functionally related to disease latency and BET 
inhibitor resistance in MLL leukemias. 

INTRODUCTION

Rearrangements at chromosome 11q23 (MLL 
translocations) produce fusion proteins (MLL-FPs) 
composed of the N-terminus of Mixed Lineage Leukemia 
(MLL) and various c-terminal fusion partners. MLL 
translocations are associated with approximately 10% 
of human acute leukemia, including pediatric, adult and 
therapy-related leukemia [1]. However, this chromosomal 
aberration is extremely common in infant leukemia 
patients, with ~70% of infant Acute Lymphoid Leukemia 
(ALL) and ~30% of infant Acute Myeloid Leukemia 
(AML) patients harboring MLL translocations [1]. 
Patients harboring MLL translocations have a relatively 
poor prognosis, however this can vary according to the 
fusion partner. For example, favorable outcomes with 
a 5-year event free survival (EFS) rate of 92% were 
observed in pediatric AML patients with t(1:11)(q21;p23) 

(MLL-AF1q) while poor clinical outcomes were observed 
for t(6;11)(q27;q23) (MLL-AF6), t(10;11)(p11.2;q23) 
(MLL-ABI1) and t(4;11)(q21;q23) (MLL-AF4) with EFS 
rates of 11%, 17% and 29% respectively [2, 3]. These 
data suggest different MLL fusion proteins may utilize 
alternative mechanisms of transformation to activate 
unique gene programs that lead to more aggressive 
diseases. Indeed, recent biochemical characterization of 
MLL fusion proteins has revealed differing mechanisms of 
transformation dependent on the fusion partner. 

Since its discovery [4], more than 100 MLL fusion 
partners have been identified. MLL translocations result 
in the loss of the MLL c-terminus containing a SET 
domain responsible for H3K4 methyltransferase activity 
and gene activation [5, 6]. Although the functions of all 
resultant fusion proteins have not been fully characterized, 
some commonalities exist, such as the up-regulation 
of downstream genes, Hoxa9 and Meis1, which in 
combination can induce aggressive leukemia in recipient 
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mice [7, 8]. MLL fusion partners can be classified by 
their subcellular localization, nuclear and cytoplasmic. 
Recent seminal work by a number of groups has revealed 
that several of the most common nuclear translocation 
partner genes (including AF9, ENL, AFF1 (AF4), 
AFF4 (AF5q31), AF10, AF17 and ELL) assemble into a 
transcriptional activation complex that includes p-TEFb 
and/or the histone H3K79 methyltransferase DOT1l. 
Translocation of MLL with members of this complex 
results in deregulated transcriptional activation of target 
genes due to deregulated phosphorylation of RNA pol II 
CTD by p-TEFb and increased H3K79 methylation by 
DOT1L [9-14]. Therapeutic targeting of Dot1L enzymatic 
activity has provided a potential therapy strategy for MLL 
leukemia [15]. 

Conversely, structure/function studies of MLL-FPs 
bearing cytoplasmic partners, such as AF1p and GAS7, 
have revealed that coiled-coil oligomerization motifs found 
in cytoplasmic partners are necessary for transformation 
[16, 17]. This has also been demonstrated for MLL-AF6 
where RA motifs in AF6 were necessary and sufficient 
for MLL-FP transformation [18]. Interestingly, MLL-
AF6 leukemias remain sensitive to DOT1l inhibitors [19]. 
Another important distinction between cytoplasmic and 
nuclear fusions is the dependence on Hoxa9. The MLL-
AF9 fusion protein, which interacts with p-TEFb/DOT1l, 
is not capable of inducing leukemia in recipient mice 
when introduced into Hoxa9 deficient cells [20], while 
the cytoplasmic fusion MLL-GAS7 is capable of driving 
leukemia in cells deficient for either Hoxa9 or Hoxa7 [21]. 
These data point to differences in gene program induction 
by different MLL-FPs. Indeed, comparisons of primary 
leukemic cells derived from different MLL fusion proteins 
have revealed differences in c-kit surface expression that 
may account for differences in disease latency [22]. Still 
the gene programs induced directly by different MLL 
fusion proteins remain unclear.

We modeled MLL leukemia in mice to gain a better 
understanding of the gene programs induced by various 
nuclear and cytoplasmic MLL-FPs. Our mouse models of 
MLL rearranged leukemia display differences in disease 
latency reflecting differences seen amongst patients with 
MLL rearrangements. Using genome-wide expression and 
pathway analysis, we discovered differential activation 
of the c-Myc transcriptional pathway as a distinguishing 
feature of MLL leukemia with a short and long disease 
latency. Indeed, modulation of c-Myc by overexpression or 
chemical inhibition establishes c-Myc as both universally 
required in MLL leukemia and determinant of cell 
proliferation rates. We also observe differential regulation 
of the c-Myc target and miRNA regulator Lin28B 
amongst various MLL-FPs. Negative regulation of miR-
150 by Lin28B was observed in all MLL-FP cell lines, 
which is necessarily downregulated in 11q23 leukemias. 
Interestingly, weaker repression of another Lin28B 
target, let-7g, was correlated with c-Myc expression 

levels and proliferation rates observed in MLL cell lines 
and promoted a differentiation phenotype in all MLL-FP 
cells. These data suggest different 11q23 rearrangements 
differentially activate the Myc transcriptional program 
that, in part and with exception, contributes to different 
disease latencies. 

RESULTS

Disease latency varies with fusion partner in a 
mouse model of MLL leukemia

To better understand the direct roles of different 
MLL fusion proteins on transformation, cell lines 
were generated by transducing Kit+ enriched mouse 
hematopoietic stem and progenitor cells with retroviruses 
encoding MLL-AF1p (distinct from the MLL-AF1q fusion 
reported in Balgobind et al. [2]), MLL-AF6, MLL-AF9, 
MLL-AF10, MLL-ENL and MLL-Gas7 (Figure 1A). 
To gain insight into the proliferative capacity of these 
cell lines, we performed an in vitro growth assay in the 
presence of Il3. MLL-AF6, MLL-AF9, MLL-AF10 and 
MLL-ENL cells grew significantly faster than MLL-AF1p 
or MLL-Gas7 cells suggesting fusion protein intrinsic 
differences in transformation (Figure 1B). Expression 
of MLL-FP proteins in mouse leukemic cell lines was 
confirmed by qPCR and western blotting (Supplemental 
Figure 1A). While MLL-FP expression varied, this did 
not correlate with the growth rate suggesting differences 
in proliferation are not correlated to MLL-FP protein 
level. While all MLL-FP leukemic cell lines displayed 
both c-Kithi and c-Kitlow populations, MLL-AF1p, MLL-
AF6, MLL-AF10 and MLL-Gas7 cells showed distinct 
populations of c-Kithi and c-Kitlow in contrast to MLL-AF9 
and MLL-ENL cells (Supplemental Figure 1B). All MLL-
FP cell lines displayed Cd11b surface expression on almost 
all cells consistent with a myeloid leukemia phenotype. 
Together, only minor differences in cell surface expression 
of c-Kit and Cd11b were observed between MLL-FP cell 
lines that poorly correlated with cellular proliferation.

To investigate how MLL fusion partners influence 
disease latency, we performed in vivo leukemogenesis 
assays using syngeneic bone marrow transduction and 
transplantation. Lin-c-kit+ bone marrow cells were 
harvested from C57BL/6 mice, transduced with MLL-FPs, 
transplanted into lethally irradiated recipient mice and 
monitored for disease. Interestingly, disease latency varied 
with MLL fusion partner (Figure 1C). Most recipients 
receiving MLL-AF6, MLL-AF10 and MLL-ENL cells 
developed leukemia in 2 to 3 months post transplantation. 
The median survival for MLL-AF6, MLL-AF10 and 
MLL-ENL is 77, 78, 77 days respectively. MLL-AF9 mice 
developed leukemia with a significantly longer median 
survival of 103 days. MLL-AF1p and MLL-Gas7 mice 
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displayed a significantly longer disease latency compared 
to MLL-AF9 with a median latency of 165.5 and 147.5 
days respectively (Figure 1C). The short disease latency 
of MLL-AF6 and MLL-AF10 mice is consistent with 
aggressive disease in human patients associated with 
t(6;11) or t(10; 11) translocations. Further, the differences 
in disease latency in our mouse model are reflective of 
variable disease latencies seen in patients harboring 
different MLL translocations [2, 3]. MLL-AF1p and 
MLL-Gas7 mice had significantly longer disease latency 
and some MLL-AF1p mice did not develop leukemia 
during our disease-monitoring period. It should be noted 
that the most aggressive fusion clinically, MLL-AF6, 
displayed a similar latency as the standard risk MLL-ENL 
which may reflect differences between mice and humans. 
All mice displayed splenomegaly at their moribund state 
(Supplemental Figure 1C). Histological staining showed 
increased blast cells in MLL-FP mouse peripheral blood, 
disrupted spleen structures and infiltration of blast cells 
into spleen and liver (Supplemental Figure 1D). Bone 

marrow cytospins confirmed the presence of immature 
myeloid cells with high nuclear to cytoplasm ratios 
consistent with the development of a myeloid leukemia 
(Supplemental Figure 1D). 

MLL-FP initiates distinguishable transcriptional 
programs during leukemic transformation

We next asked whether distinct MLL-FPs initiate 
distinguishable gene programs based on fusion partner. 
Some programs, such as upregulation of the HoxA 
cluster genes and Meis1 to block differentiation or Myb/
Hmgb3/Cbx5 utilized for maintaining leukemic stem 
cells are activated independent of fusion partner [22, 23]. 
However, differences in disease latency and mechanisms 
of transformation suggest unique programs may be 
initiated. To test this RNA sequencing was performed on 
RNA extracted from two independently derived cell lines 
transformed with different MLL-FPs. Non-transformed 
lin- kit+ bone marrow cells were used as control in 

Figure 1: MLL fusion partners are associated with different phenotypes. A. Schematic of MLL-FPs used in this study with 
structural domains indicated. Predicted molecular weights are shown. Amino acid location is indicated. B. Proliferation of MLL-FP 
leukemia cell lines. Error bars indicate standard deviation from two independent experiments with technical duplicates. C. Survival curve 
of mice transplanted with indicated MLL-FP transduced cells. MLL-AF1p: n = 8; MLL-AF6, n = 15; MLL-AF9, n = 10; MLL-AF10: n = 
10; MLL-ENL: n = 7; MLL-Gas7: n = 10. ***, p < 0.001 *, p < 0.05 (determined by Log-rank test) 
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comparison to MLL-AF9, MLL-ENL, MLL-AF6, MLL-
AF1p and MLL-GAS7. Principle component analysis 
indicated that MLL-leukemia cells initiated transcriptional 
programs distinct from lin- kit+ bone marrow cells (Figure 
2A). MLL-AF9 and MLL-ENL grouped with similar 
gene programs consistent with these two MLL-FPs 
transforming through enhanced transcriptional elongation 
due to association with p-TEFb and/or DOT1l and highly 
homologous sequences [24]. Conversely, MLL-AF6, 
MLL-AF1p and MLL-Gas7 programs are distinct from 
both MLL-AF9 and MLL-ENL and from each other 

suggesting gene programs initiated by MLL-FPs with 
dimerization motifs are unique (Figure 2A). Next we 
performed unsupervised hierarchical clustering of MLL-
FP cell lines and K-means clustering of genes visualized 
by comparison to expression in lin- kit+ bone marrow cells 
(Figure 2B). These data similarly suggest that MLL-AF9 
and MLL-ENL initiate similar transcriptional programs 
that are distinct from MLL-AF1p, MLL-Gas7 and MLL-
AF6 (Figure 2B). We further noted that while several 
sets of genes were similarly regulated by all MLL-FPs 
(clusters 2 and 5), differential regulation of some gene 

Figure 2: MLL-FPs induce distinguishable transcriptional programs. A. 3D-principle component analysis (PCA) of averaged 
counts per million (CPM) data from RNA collected from duplicate samples of MLL-FP cells. 2D projections for each dimension are shown. 
B. Unsupervised clustering of averaged CPM data of all genes expressed in at least one sample. Heat map shows expression pattern in 
relation to lin-c-kit+ bone marrow cells. MLL-FP target genes and hematopoietic differentiation genes are listed. Six distinct clusters of 
genes are denoted. C. Enrichment of Myc targets was detected in the nuclear fusion group (MLL-AF9 and MLL-ENL) compared to the 
cytoplasmic fusion group (MLL-AF-1p, MLL-AF6 and MLL-GAS7) as determined by GSEA. Heatmap shows expression of core genes 
that contribute to pathway enrichment. Red indicates high expression. Blue indicates low expression. NES: normalized enrichment score. 
FDR: false discovery rate. D. Gene enrichment analysis performed by Toppgene. Averaged CPMs from MLL-AF9 and MLL-ENL were 
divided from averaged CPMs from MLL-AF1p, MLL-GAS7 and MLL-AF6 and genes with > 1.5-fold change ware analyzed. Results from 
cluster 4 analysis are shown. Bars indicate gene count, blue line indicates p value.
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sets occurred between nuclear and cytoplasmic MLL-FPs 
(clusters 1, 3, 4 and 6) (Figure 2B, Supplemental Table 
1). To identify the biological pathways that distinguish 
the nuclear fusion group (MLL-AF9 and MLL-ENL) and 
the cytoplasmic fusion group (MLL-AF6, MLL-AF1p 
and MLL-GAS7), we performed Gene Set Enrichment 
Analysis (GSEA). Interestingly, Myc targets were detected 
as the top gene sets enriched in MLL-AF9 and MLL-ENL 
cell lines compared to MLL-AF1p, MLL-AF6 and MLL-
GAS7 (Figure 2C). In addition, we performed pathway 
analyses on gene clusters showing differential expression 
in Figure 2B. Expression values for the nuclear fusion 
group (MLL-AF9 and MLL-ENL) and cytoplasmic group 
(MLL-AF1p, MLL-GAS7, MLL-AF6) were averaged 
retrospectively, and compared between the two groups. 
Genes with ≥1.5 fold change were analyzed using 
Toppfun [25]. Targets of c-myc transcriptional activation 
and genes containing a Myc/Max binding sequence were 
significantly enriched in the cluster 4 nuclear fusion 
group compared to the cytoplasmic fusion group (Figure 
2D, Supplemental Figure 2A). Further, the log2 fold 
change of Myc target genes (defined in Figure 2D and 
Supplemental Table 2) in MLL-FP cells compared to Kit+ 
bone marrow cells shows a significantly higher expression 
in the nuclear group compared to the cytoplasmic group 
(Supplemental Figure 2B). These data suggest that the 
Myc transcriptional program is differentially regulated 
by MLL-FPs. Importantly, previously reported direct 
targets of MLL-FPs, such as Hoxa7, Hoxa9, Hoxa10, 
Meis1, Eya1, Six4, Mef2c and others were up-regulated 
uniformly in all MLL-FP leukemias compared to bone 
marrow (Figure 2B (cluster 5), Supplemental Figure 2C), 
suggesting these do not account for differences in disease 
latency reported above (Figure 1C) [26, 27]. 

Higher c-Myc expression imparts higher 
proliferative capacity and resistance to Brd4 
inhibition

To understand the regulation and role of c-Myc in 
MLL-FP leukemia cells, we performed qPCR to confirm 
differences in expression amongst MLL cell lines. Indeed, 
MLL-AF9, MLL-ENL and MLL-AF10 transformed 
cells expressed higher c-Myc transcripts than MLL-
AF1p, MLL-Gas7 and MLL-AF6 (Figure 3A). Western 
blotting confirmed c-Myc overexpression translated to 
higher protein levels in MLL-AF9, MLL-AF10 and 
MLL-ENL compared to MLL-AF1p and MLL-GAS7 
cells (Figure 3B). Interestingly, MLL-AF6 cells displayed 
Myc protein levels comparable to MLL-AF10, MLL-AF9 
and MLL-ENL despite mRNA expression levels similar 
to MLL-AF1p and MLL-GAS7 (Figure 3A and 3B). It is 
noteworthy that MLL-AF6 transformation also resulted 
in the shortest disease latency in mouse leukemogenesis 

assays without a pronounced Myc signature (Figure 1C). 
Since phosphorylation of Myc through the ERK signaling 
pathway can enhance protein stability [28], we investigated 
activation of this pathway in our MLL-FP cell lines. 
Indeed, MLL-AF6 cells showed robust phosphorylation 
of ERK, which may account for increased Myc protein 
(Supplemental Figure 3A). Collectively, MLL-FPs with 
relatively higher c-Myc protein levels (MLL-AF9, MLL-
ENL, MLL-AF6, MLL-AF10) induced a significantly 
shorter disease latency compared to MLL-FPs with lower 
c-Myc protein levels (MLL-AF1p and MLL-GAS7) 
(Supplemental Figure 3B). We asked whether differences 
in c-Myc expression were caused by differential binding of 
MLL-FPs to the c-Myc locus by performing ChIP-qPCR. 
Immunoprecipitation of flag tagged MLL-FPs showed that 
all the MLL-FPs were recruited to Myc promoter regions 
and to lesser extent Myc enhancer regions, which led to 
H3K4 and H3K79 methylation (Figure 3C, Supplemental 
Figure 3C). The intensity of MLL-FP binding and di-
methylation at H3K4 and H3K79 did not correlate 
with expression levels suggesting these factors do not 
contribute to differences in c-Myc gene regulation in 
MLL-FPs cells (Figure 3A, 3C and Supplemental Figure 
3C). To evaluate the importance of c-Myc expression, 
we treated MLL-FP cell lines with the BET inhibitor 
JQ1, which inhibits the proliferation of multiple forms of 
leukemia by disrupting BRD4 regulation of c-Myc [29-31] 
and other factors such as Myb and Ets proteins [32, 33]. 
Cell viability assays demonstrated that while all MLL-FP 
cell lines were sensitive to JQ1 treatment, MLL-AF1p 
and MLL-Gas7 displayed the greatest sensitivity to JQ1, 
(IC50 of 38.44nM and 37.89nM, respectively) (Figure 3D). 
MLL-AF6, MLL-AF9, MLL-AF10 and MLL-ENL cells 
displayed significantly reduced sensitivity to JQ1 (IC50 = 
74.33nM, 59.13nM, 55.99nM, and 47.02nM respectively)
(Figure 3D). Western blotting confirmed JQ1 treatment 
leads to dose-dependent reduction of Myc protein in 
MLL-FP cell lines (Figure 3E). Finally, we mined MYC 
expression levels from human patients [34, 35]. These 
data show significantly increased expression of MYC in 
AML (including the 11q23 subpopulation) compared 
to bone marrow from healthy patients (Supplemental 
Figure 3D). Further, clinical studies have demonstrated 
MYC expression is correlated with a poor prognosis in 
AML [36]. These data suggest the c-Myc transcriptional 
program is universally required for viability amongst the 
tested MLL-FP cell lines and that higher c-Myc expression 
confers decreased sensitivity to Brd4 inhibition. 

We next tested the functionality of c-Myc 
overexpression by establishing MLL-FP cell lines with 
and without stable c-Myc overexpression. An analysis of 
cooperation between c-Myc and MLL fusion proteins in 
vivo was precluded by induction of an aggressive leukemia 
with indistinguishable disease latencies by overexpression 
of c-Myc alone or in combination with MLL-AF9 or MLL-
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GAS7 (Supplemental Figure 4A) and previously reported 
[37]. Thus, MLL-AF1p, MLL-AF6, MLL-AF9, MLL-
AF10, MLL-ENL and MLL-Gas7 cells were transduced 
with MigR1-Myc or MigR1 and stable GFP+ cells were 
collected for in vitro proliferation assays in liquid culture. 
The growth rate (K) was represented by the slope of the 
regressed line (Figure 4). Ectopic c-Myc expression had a 

minimal effect on MLL-FP cells that displayed increased 
levels of c-Myc protein including MLL-ENL, MLL-AF9, 
MLL-AF10 and MLL-AF6 (c-Myc(K)/MigR1(K) = 1.23, 
1.11, 1.03 and 1.09 respectively) (Figure 4). In contrast, 
the proliferation rate of MLL-AF1p and MLL-GAS7 cells, 
which displayed relatively lower c-Myc protein levels, 
responded to overexpression with an ~ 2 fold increased 

Figure 3: c-Myc expression distinguishes MLL-FP leukemias. A. qPCR detecting the expression of c-Myc transcripts. Error bars 
indicate standard deviation of ≥ 3 independent experiments. Statistics were done by t-test with each MLL-FP cells compared to Kit+ BM. *, 
p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 B. Western blot detecting c-Myc protein level and loading control Actin in MLL-
FP cells. One representative blot of three independent experiments is shown. C. ChIP-qPCR experiment detecting flag-tagged MLL-FPs or 
IgG on the c-Myc promoter and enhancer in MLL-FP cell lines. Error bars indicate standard deviation from ≥ 2 independent experiments. 
D. Relative viability of cells treated with JQ1 as detected by MTT assay. Data represents two independent experiments with four technical 
replicates. Statistics were analyzed by two-way ANOVA compared to MLL-AF9. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
Calculated IC50

 values are shown below. E. Western blot detecting c-Myc protein levels in cells treated with indicated dosage of JQ1.
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growth rate (c-Myc(K)/MigR1(K) = 1.91 and 1.90 
respectively) (Figure 4), Expression of ectopic Myc was 
similar or slightly reduced in MLL-AF1p and MLL-GAS7 
compared to other MLL-FP cell lines confirming increased 
growth rates are not due to differences in ectopic Myc 
expression (Supplemental Figure 4). Collectively, these 
data suggest that c-Myc expression regulates proliferation 
rates of MLL leukemic cells.

The c-Myc/Lin28/Let-7 pathway is differentially 
activated by MLL-FPs

Included in the deregulated c-Myc transcriptional 
program enriched in nuclear MLL-FP cells was the RNA 
binding and miRNA regulator Lin28B (Figure 2B and 
Supplemental Table 2). Lin28B is directly regulated by 
c-Myc and expression is associated with proliferation and 
invasiveness of multiple advanced human malignancies, 
including hepatocellular carcinoma, ovarian cancer, germ 
cell cancer and colorectal cancer [38-42]. Expression 
of Lin28B in c-kit+ mouse bone marrow cells was low 

Figure 4: c-Myc expression increases the proliferative capacity of MLL-FP cells. Growth rate of MLL-FP cell lines was 
determined following stable transduction of either empty MigR1 or MigR1-Myc. Data represents two independent experiments with 
technical duplicates. Only MLL-FP cells with lower c-Myc expression showed increased growth rates with overexpression of c-Myc. 
Differences in growth rates following overexpression of c-Myc in each MLL-FP cell line is shown relative to MigR1.
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(Figure 5A), consistent with previous reports [43]. 
Conversely, MLL-FP cells had significantly increased 
Lin28B expression compared to c-kit+ bone marrow cells 
with the highest expression in MLL-AF9, MLL-AF10, 
MLL-ENL reflecting c-Myc expression in these cells 
(Figure 5A). An important target of Lin28B in leukemic 
cells is miR-150 which negatively regulates c-Myc. miR-
150 maturation suppression by Lin28B is an important 
mechanism for MLL-FP mediated leukemic transformation 
[44]. Mature miR-150 levels are reduced in all MLL-FP 
subtypes compared to c-Kit+ bone marrow cells consistent 
with previous findings that MLL suppresses miR-150 
expression through the Myc/Lin28B pathway (Figure 5B) 
[44]. Of note, miR-150 expression was also significantly 
lower in AML-ETO9a and E2A-HLF leukemia cell lines 
compared to c-Kit+ bone marrow (Supplemental Figure 
5A). We also noted that expression of the Lin28B target, 
Hmga2, was not altered in MLL-FP cells suggesting this 
pathway does not account for phenotypic differences 
(Supplemental Figure 5B). These data suggest another 
target may be responsible for differences in proliferation 
and disease latency associated with different MLL-FPs. 
Lin28B also directly binds and inhibits the processing of 
the miRNA let-7 which can also target c-Myc and other 
transcripts for degradation and is commonly repressed in 
human cancers [45-49]. Of the let-7 family, let-7a and let-
7g are decreased and let-7b increased in AML compared to 
CD34+ bone marrow [50]. We examined the expression of 
mature let-7a, b, c, and g in the different MLL-FP subtypes 
by Taqman microRNA assays and discovered the level of 
let-7g is increased specifically in MLL-AF1p and MLL-
Gas7 cells compared to Kit+ bone marrow cells (Figure 
5C). We observed either insignificant changes or varied 
expression that did not correlate with disease latency for 
let-7a, b, c between Kit+ bone marrow cells and MLL-FP 
leukemia cells (Supplemental Figure 5C, 5D, 5E). These 
data point to a potential role for let-7g in regulating cell 
proliferation and the aggressiveness of leukemic cells. 

Let-7g induces leukemia cell differentiation

Decreased let-7g expression is associated with 
a poorer prognosis and increased metastasis of breast 
cancer while increased expression is associated with a 
more differentiated tumor phenotype [51]. Given the 
correlation between Let-7g and longer disease latencies 
observed in MLL-GAS7 and MLL-AF1p leukemias, we 
overexpressed let-7g in MLL-FP cells to test for increased 
differentiation using a miRNA retroviral vector (MPIE) 
that co-expresses GFP and examined the myeloid surface 
marker Cd11b (Figure 6A). Overexpression of mature 
let-7g was confirmed by qPCR (Figure 6B). MLL-FP cell 
lines were transduced with either MPIE or MPIE-let-7g 
retrovirus and cells were analyzed by flow cytometry to 
detect Cd11b and c-Kit expression (Figure 6A). GFP+ and 
GFP- cells expressed similar levels of Cd11b as shown 

by the mean fluorescence intensity (MFI) following 
transduction with empty MPIE (Figure 6C). Conversely, 
the GFP+ population displayed significantly increased 
Cd11b surface expression in MLL-AF1p, MLL-AF6, 
MLL-AF9, MLL-ENL and MLL-Gas7 cells following 
transduction with MPIE-let-7g (Figure 6C). The GFP- 
population served as an internal control and expressed 
similar levels of Cd11b to control cells (Figure 6A and 
6C). In addition, MLL-AF6, MLL-AF9, MLL-AF10 
and MLL-Gas7 cells transduced with let-7g displayed 
decreased c-Kit expression compared to the same cells 
transduced with vector control (Supplemental Figure 6). 
These data suggest increased expression of let-7g, as 
observed in MLL-AF1p and MLL-GAS7 cells, results in 
a more differentiated leukemic phenotype. 

DISCUSSION

MLL is rearranged with more than 100 partner 
genes in both pediatric and adult acute myeloid leukemia 
and generally associated with a poor prognosis. However, 
recent studies have revealed an association between 
the MLL fusion partner and disease latency [2, 3]. For 
example, the t(6;11) or t(10;11) translocations portend a 
poor prognosis with a 5-year event free survival (EFS) of 
less than 35% [2, 3]. Conversely, the t(1;11) translocation, 
coding MLL-AF1q, is associated with a good prognosis 
with an EFS of > 80%. Many patients with MLL 
translocations also harbor mutations in other genes, such 
as FLT3 and PTPN11, which complicate the assignment of 
specific functions to each mutation [52, 53]. Here, we used 
in vitro and in vivo systems expressing various MLL-FPs 
to study the contribution of the MLL-translocation partner 
to transcriptional programs and disease latency. Our study 
demonstrates that different MLL fusion partners impart 
differential disease latency, which is positively correlated 
with c-Myc expression, a direct target of MLL-fusion 
proteins [54, 55]. Further, the miRNA regulator protein 
and c-Myc target gene, Lin28B, is increased in MLL 
leukemia cells compared to bone marrow. Both miR-
150 and let-7 are repressed by both c-Myc and Lin28B 
[42]. We observed a striking repression of miR-150 in 
MLL-FP transformed leukemia cells in comparison to 
bone marrow. This is consistent with previous reports 
showing an association of Lin28B with malignant 
tumors and miR-150 repression in MLL leukemias [44]. 
However, modulation of another Lin28B target, let-
7g, was most correlative with leukemia disease latency 
(Figure 5). Functionally, let-7g induces differentiation of 
MLL leukemic blasts suggesting this axis plays a role in 
blocking differentiation. Importantly, in addition to RAS, 
HMGA2 and cyclinD, let-7 targets c-Myc for repression 
[56]. Thus, increased c-Myc expression positively feeds 
back on itself through increased Lin28B mediated 
repression of let-7g. Interestingly, Let-7a is reported 
to impart chemoresistance in AML cells bearing NPM 
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Figure 5: Lin28B and target miRNAs expression is altered in MLL-FP transformed leukemia cells. A. Lin28B expression 
is increased in MLL-FP cell lines and reflective of c-Myc expression as assessed by qPCR. Errors bar indicate standard deviation from four 
independent experiments with technical duplicates. B. Mature miR-150 is repressed in all MLL-FP leukemia cells as detected by qPCR. 
C. let-7g expression is increased in MLL-FP cells with long disease latency as determined by qPCR. Error bars indicate standard deviation 
from two independent experiments with technical duplicates Statistics were done by t-test and were compared to kit+ bone marrow. *, p < 
0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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mutations while increased Let-7c expression can promote 
granulocyte differentiation of PML/RARα leukemia cells 
[57, 58]. Our data demonstrates the importance of Let-
7g in AML cells and is consistent with a model whereby 
MLL-FPs associated with short disease latency induce 
higher levels of c-Myc and Lin28B expression compared 
to MLL-FPs with longer disease latency. While miR-150 
is repressed uniformly across MLL subtypes, let-7g is 
differentially repressed by Lin28B according to expression 
level, which reinforces high c-Myc expression in MLL 
leukemias with short disease latency.

Our experiments suggest an exception to this 
model in the case of MLL-AF6. Despite low c-Myc 
transcription, protein was detected similar to MLL-AF9, 

MLL-ENL and MLL-AF10 (Figure 3A, 3B). Increased 
c-Myc protein correlates with a shorter disease latency 
(Figure 1C) but not high Lin28B expression (Figure 5A). 
The high Myc protein level in MLL-AF6 cells may result 
from increased Myc protein stability. MLL-AF6 activates 
the Ras pathway, which can protect Myc protein from 
ubiquitination-mediated degradation by modulating its 
phosphorylation at Thr58 and Ser62 [59, 60]. Indeed, we 
observed robust activation of Ras signaling pathway in 
MLL-AF6 cells (Supplemental Figure 3A). Thus, MLL-
AF6 leukemias are likely initiating a unique gene program 
downstream of both Ras and MLL-AF6 that contributes 
to disease. 

To account for differences in c-Myc expression, 

Figure 6: Overexpression of let-7g induces differentiation of MLL-FP leukemic cells. A. Schematic of experimental protocol 
shows MLL-AF1p, MLL-AF6, MLL-AF9, MLL-AF10, MLL-ENL, and MLL-Gas7 cells were transduced with either MPIE or MPIE-
let-7g. Cells were gated on GFP+ and GFP- populations and averaged expression of Cd11b on each population was calculated by mean 
fluorescence intensity (MFI). B. Increased expression level of mature let-7g in MPIE-let-7g transduced cells detected by miRNA qPCR. 
C. Increased Cd11b expression in MPIE-let-7g transduced MLL-FP cells compared to empty MPIE transduced cells. Error bars indicate 
standard deviation from two independent experiments with technical duplicates. Statistical significance determined by t-test. *, p < 0.05.
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we examined MLL-FP binding and epigenetic regulation 
of the c-Myc locus. Interestingly, we detected similar 
binding of all MLL-FPs to the c-Myc gene promoter 
region, suggesting differential binding does not account 
for expression differences. We also observed similar 
H3K4 and H3K79 methylation on the c-Myc promoter 
region. The methylation level in MLL-FP cells does not 
correlate with transcript level, suggesting a decoupling 
of these histone marks with transcription of the c-Myc 
locus. Differential regulation of rates of transcription may 
account for changes in c-Myc expression, however further 
studies are needed to address this question.

BET inhibitors have gained much attention because 
of their potential therapeutic value in treating various 
forms of cancer including leukemia, breast cancer, prostate 
cancer and others [30, 31] [61, 62]. These inhibitors 
function, in part, through disruption of Brd4 mediated 
regulation of c-Myc expression. While all MLL-FP cells 
were sensitive to BET inhibition, our data shows that 
MLL-FPs associated with higher c-Myc expression are 
more resistant to BET inhibition (Figure 3D). This implies 
a general importance of the c-Myc transcriptional pathway 
in MLL leukemias and suggests that patients harboring 
MLL-FPs that induce higher levels of c-Myc expression 
will display increased resistance to BET inhibition. 

MATERIALS AND METHODS

Mice

Female C57Bl/6 mice at 8-12 weeks old were 
purchased from Taconic Farms. Mice were inoculated 
with 300μl of 10mg/ml 5-Flurouracil (5-FU) 5 days before 
bone marrows were harvested for hematopoietic stem and 
progenitor cell (HSPC) enrichment. MLL-FP transduced 
HSPCs were tail-vein injected into lethally irradiated 
mouse to establish murine leukemia models. Moribund 
mice were euthanized and tissues were collected for 
histology staining by histology laboratories of University 
of Michigan in vivo animal core. All animal studies were 
approved by the University of Michigan Committee 
on Use and Care of Animals and Unit for Laboratory 
Medicine.

Cells

Kit+ bone marrow cells from 5-FU primed mice 
were enriched by Hematopoietic Stem and Progenitor Cell 
Enrichment Kit (Stem Cell Technologies) and transduced 
with freshly packaged retroviruses expressing MLL-FPs. 
Cells were selected with 1mg/ml neomycin for 1 week 
with refreshed antibiotics every 3 days. Established mouse 
leukemia cell lines were maintained in IMDM+15%FBS 
(for mouse myeloid long-term cultures, Stem Cell 

Technologies)+1%Pen/Strep+10ng/ml recombinant 
murine IL3 (R&D Systems).

RNA-seq

Independently acquired duplicate RNA samples 
were collected within one month of MLL-FP cell line 
generation and sequenced for analysis. Total RNA was 
purified by RNeasy plus mini kit (Qiagen) following 
manufacturer’s instructions and treated with RNase-free 
DNase. High quality total RNA with OD260/OD280 = 
2, OD260/OD230 > 1.6 was used for sequencing. The 
University of Michigan sequencing core performed library 
preparation and sequencing. Briefly, the RNA samples 
were processed by Illumina TruSeq mRNA Sample Prep 
v2 kit using Oligo(dT). Deep sequencing was performed 
on Illumina™ HiSeq2000, and raw RNA-seq data were 
processed using the Illumina software pipeline. Sequenced 
reads were aligned to mouse reference genome (mm10) 
using Bowtie and Tophat (version 2.0.3) [63]. Counts per 
million (cpm) values were generated using HTseq [64]. 
Gene expression patterns were clustered with K-means 
(K = 6) using Cluster 3.0 [65]. Uncentered Pearson 
correlation was used in similarity matrix. Clustering 
results was visualized using the Bioconductor package 
gplots (R package version 2.4) [66, 67]. Gene Set 
Enrichment Analysis (http://www.broadinstitute.org/gsea/
index.jsp) was performed using RPKM (reads per kb per 
million) as input. Pathways from Molecular signatures 
database (MSigDB) were used. Titles of the pathways 
were modified for simplicity: Myc Targets: HALLMARK_
MYC_TARGETS_V1. These pathways were generated 
based on total of 8 public datasets by MSigDB. To analyze 
the enriched gene sets in nuclear fusion leukemias vs 
cytoplasmic fusion leukemias, averaged CPMs of MLL-
AF9 and MLL-ENL cells were divided by averaged CPMs 
of MLL-AF1p, MLL-GAS7 and MLL-AF6 cells and 
genes with > 1.5 fold change were analyzed by Toppfun 
[25]. 

The RNA-seq data was deposited to GEO database 
(GSE73457).

Proliferation assays

50000 cells were seeded in 2ml media in 12-well 
non-tissue culture treated plates with 2ml fresh media 
supplied at day 2. Cells were enumerated for 3 days by 
trypan blue exclusion. Growth rates were calculated 
according to exponential growth equation:

, transformed to

C—cell numbers at counting days
C0—cell number at day 0
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k—growth rate
t—days after plating
Log2(C/C0) was calculated by the cell number and 

plotted against time. Linear regression was performed with 
lines forced to pass (0,0) point to reflect no change at time 
0.

MicroRNA let-7g overexpression

let-7g precursor sequence was cloned into a 
retroviral-vector designed for miRNA expression, 
MXW-PGK-IRES-EGFP (MPIE)[68]. Plasmids were 
transfected to plat-E cells by Fugene6 reagent to package 
retroviruses. MLL-FP cells were spinoculated with 
retroviral supernatant in the presence of 5μg/ml polybrene 
48 hour and 72 hour post plat-E cell transfection. EGFP 
and cell surface markers were detected by flow cytometry 
48 hours post first spinoculation. The antibodies used 
were APC-labeled anti-mouse CD11b (clone M1/70, BD 
pharmingen), and APC-eFluor780 labeled anti-mouse 
c-Kit (clone 2B8, eBioscience). 

Microscopy

H&E stained slides were viewed with Olympus 
BX41 microscope and pictures were taken by Olympus 
BX41 camera. The software used for taking the pictures 
was cellSens Entry.

QPCR

For detecting mRNA expressions, RNA was 
extracted by trizol according to the manufacturer’s 
instructions. First-strand cDNA was made by Superscript 
III first-strand synthesis system (Life technologies). 
Fast SYBR green master mixture was used for the 
quantitative polymerase chain reaction (QPCR). For 
detecting microRNA expression, RNA was extracted 
by miRNeasy mini kit (Qiagen), reverse-transcribed by 
Taqman microRNA reverse transcription kit and detected 
by Taqman microRNA assays (Life technologies). QPCR 
was performed on Applied Biosystems 7500 Real-time 
PCR system to detect the transcript level. Primers used 
were listed in supplemental table 3.

Flow cytometry

Antibodies used for detecting the surface markers 
were PE labeled anti mouse c-Kit (clone 2B8), APC 
labeled anti mouse CD11b (clone M1/70). For cell cycle 
analysis, cells were fixed with 75% EtOH overnight 
at 4°C, 5μg/ml Propidium Iodide (Life technologies) 
was added to PBS-washed cells and incubated at room 
temperature at dark for 20min and samples were run on 

flow cytometer right after the incubation. Flow data was 
collected by LSRII flow cytometer (BD) and analyzed by 
Flowjo software (Treestar). 

Western

Cells were harvested and lysed by SDS-
PAGE loading buffer and heated in the presence of 
2-mercaptoethanol at 95°C for 7min. Samples were 
run on 4%-20% or 6% Tris-Glycine SDS-PAGE gels 
(Biorad). Proteins were transferred from SDS-PAGE 
gel to nitrocellulose membrane (life technologies) in 
transfer buffer containing 10% Methanol at 25V for 1 
hour and 45min. Membranes were blocked with 5% milk, 
and incubated with primary antibody at 4°C overnight. 
Membranes were washes with TBS-T buffer and incubated 
with secondary antibody at room temperature for 1~2 
hours and washes again. After washing, membranes were 
developed by Supersignal West Pico or Femto reagents 
(Thermo Scientific) as needed. Primary antibodies used 
were anti-Myc antibody (Cell Signaling Technologies, 
clone D84C12), anti-Actin antibody (Sigma, clone AC-74) 
and anti-MLL antibody (Upstate, clone 9-12).

MTT assay

Cells were seeded in flat-bottom 96-well plate at 
5000 cells/well in 100ul total media containing DMSO 
control or JQ1 at concentrations indicated in figures. At 
48 hours post JQ1 treatment, 10ul of 5mg/ml MTT was 
added to each well and incubated with the cells for 4 hours 
at dark in 37°C incubator. After 4-hour incubation, 100ul 
of 10%SDS-0.01M HCl was added to the wells and the 
plate was incubated overnight at 37°C. The absorption at 
570nm was read by Eon microplate reader (Biotek) with 
pathlength correction after the incubation. The blank-
corrected 570nm reading was exported for data-analysis.

Chromatin immunoprecipitation-QPCR (CHIP-
QPCR)

30x106 cells were harvested and fixed with 1% 
paraformaldehyde for 15min at room temperature. Cells 
were washed twice with cold DPBS, snap-frozen and 
stored in -80°C before experiments. Cell pellets were lysed 
and sonicated by Bioruptor to generate short chromatins 
with 200~500bp length. Cell lysate were spun at 4°C to 
remove any debris and extra SDS. Supernatant was diluted 
10 times before immunoprecipitation. 1% of diluted 
samples were saved as input. 10% of diluted samples were 
incubated with antibodies at 4°C overnight. Magnetic 
protein G beads were incubated with the samples at 4°C 
for additional 1~2 hours before the beads were washed 
sequentially with low-salt, high-salt, LiCl, and TE buffer. 



Oncotarget25220www.impactjournals.com/oncotarget

Samples were eluted from magnetic beads by freshly made 
NaHCO3-SDS buffer and DNA-was de-crosslinked from 
proteins by high salt and incubating at 65°C overnight. 
DNA fragments were purified by Qiaquick PCR 
purification kit (Qiagen) and were quantified by QPCR. 
Primers for CHIP-QPCR are listed in supplemental table 
3.

ACKNOWLEDGMENTS

The authors thank Dr. Michael Cleary for MLL 
constructs, Drs. Jay Hess, Yali Dou, Ken Figueroa, Ivan 
Maillard, Mark Chiang, Tomek Cierpicki and Jolanta 
Grembecka for helpful discussion and Dr. Liang Zhang 
for help with principle component analysis. 

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

GRANT SUPPORT

This work was supported by National Institute of 
Health grants R00 CA158136 (A.G.M.), an American 
Society of Hematology Scholar Award (A.G.M.), a 
Leukemia Research Foundation award (A.G.M), an 
American Cancer Society Scholar Award RSG-15-046 
(A.G.M.) and Children’s Leukemia Research Association 
(A.G.M.). 

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

1. Muntean AG and Hess JL. The pathogenesis of mixed-
lineage leukemia. Annu Rev Pathol. 2012; 7:283-301.

2. Balgobind BV, Raimondi SC, Harbott J, Zimmermann 
M, Alonzo TA, Auvrignon A, Beverloo HB, Chang M, 
Creutzig U, Dworzak MN, Forestier E, Gibson B, Hasle 
H, Harrison CJ, Heerema NA, Kaspers GJ, et al. Novel 
prognostic subgroups in childhood 11q23/MLL-rearranged 
acute myeloid leukemia: results of an international 
retrospective study. Blood. 2009; 114:2489-2496.

3. Pigazzi M, Masetti R, Bresolin S, Beghin A, Di Meglio 
A, Gelain S, Trentin L, Baron E, Giordan M, Zangrando 
A, Buldini B, Leszl A, Putti MC, Rizzari C, Locatelli F, 
Pession A, et al. MLL partner genes drive distinct gene 
expression profiles and genomic alterations in pediatric 
acute myeloid leukemia: an AIEOP study. Leukemia. 2011; 

25:560-563.
4. Thirman MJ, Gill HJ, Burnett RC, Mbangkollo D, McCabe 

NR, Kobayashi H, Ziemin-van der Poel S, Kaneko Y, 
Morgan R, Sandberg AA and et al. Rearrangement of 
the MLL gene in acute lymphoblastic and acute myeloid 
leukemias with 11q23 chromosomal translocations. N Engl 
J Med. 1993; 329:909-914.

5. Milne TA, Briggs SD, Brock HW, Martin ME, Gibbs 
D, Allis CD and Hess JL. MLL targets SET domain 
methyltransferase activity to Hox gene promoters. Mol Cell. 
2002; 10:1107-1117.

6. Nakamura T, Mori T, Tada S, Krajewski W, Rozovskaia 
T, Wassell R, Dubois G, Mazo A, Croce CM and Canaani 
E. ALL-1 is a histone methyltransferase that assembles 
a supercomplex of proteins involved in transcriptional 
regulation. Mol Cell. 2002; 10:1119-1128.

7. Thorsteinsdottir U, Kroon E, Jerome L, Blasi F and 
Sauvageau G. Defining roles for HOX and MEIS1 genes in 
induction of acute myeloid leukemia. Mol Cell Biol. 2001; 
21:224-234.

8. Dasse E, Volpe G, Walton DS, Wilson N, Del Pozzo W, 
O’Neill LP, Slany RK, Frampton J and Dumon S. Distinct 
regulation of c-myb gene expression by HoxA9, Meis1 
and Pbx proteins in normal hematopoietic progenitors and 
transformed myeloid cells. Blood Cancer J. 2012; 2:e76.

9. Mueller D, Bach C, Zeisig D, Garcia-Cuellar MP, Monroe 
S, Sreekumar A, Zhou R, Nesvizhskii A, Chinnaiyan 
A, Hess JL and Slany RK. A role for the MLL fusion 
partner ENL in transcriptional elongation and chromatin 
modification. Blood. 2007; 110:4445-4454.

10. Yokoyama A, Lin M, Naresh A, Kitabayashi I and Cleary 
ML. A higher-order complex containing AF4 and ENL 
family proteins with P-TEFb facilitates oncogenic and 
physiologic MLL-dependent transcription. Cancer Cell. 
2010; 17:198-212.

11. Lin C, Smith ER, Takahashi H, Lai KC, Martin-Brown 
S, Florens L, Washburn MP, Conaway JW, Conaway RC 
and Shilatifard A. AFF4, a component of the ELL/P-TEFb 
elongation complex and a shared subunit of MLL chimeras, 
can link transcription elongation to leukemia. Mol Cell. 
2010; 37:429-437.

12. Bitoun E, Oliver PL and Davies KE. The mixed-lineage 
leukemia fusion partner AF4 stimulates RNA polymerase 
II transcriptional elongation and mediates coordinated 
chromatin remodeling. Hum Mol Genet. 2007; 16:92-106.

13. Zeisig DT, Bittner CB, Zeisig BB, Garcia-Cuellar MP, Hess 
JL and Slany RK. The eleven-nineteen-leukemia protein 
ENL connects nuclear MLL fusion partners with chromatin. 
Oncogene. 2005; 24:5525-5532.

14. Monroe SC, Jo SY, Sanders DS, Basrur V, Elenitoba-
Johnson KS, Slany RK and Hess JL. MLL-AF9 and 
MLL-ENL alter the dynamic association of transcriptional 
regulators with genes critical for leukemia. Exp Hematol. 
2011; 39:77-86 e71-75.



Oncotarget25221www.impactjournals.com/oncotarget

15. Daigle SR, Olhava EJ, Therkelsen CA, Basavapathruni 
A, Jin L, Boriack-Sjodin PA, Allain CJ, Klaus CR, 
Raimondi A, Scott MP, Waters NJ, Chesworth R, Moyer 
MP, Copeland RA, Richon VM and Pollock RM. Potent 
inhibition of DOT1L as treatment of MLL-fusion leukemia. 
Blood. 2013; 122:1017-1025.

16. So CW, Lin M, Ayton PM, Chen EH and Cleary ML. 
Dimerization contributes to oncogenic activation of MLL 
chimeras in acute leukemias. Cancer Cell. 2003; 4:99-110.

17. Martin ME, Milne TA, Bloyer S, Galoian K, Shen W, Gibbs 
D, Brock HW, Slany R and Hess JL. Dimerization of MLL 
fusion proteins immortalizes hematopoietic cells. Cancer 
Cell. 2003; 4:197-207.

18. Liedtke M, Ayton PM, Somervaille TC, Smith KS 
and Cleary ML. Self-association mediated by the Ras 
association 1 domain of AF6 activates the oncogenic 
potential of MLL-AF6. Blood. 2010; 116:63-70.

19. Deshpande AJ, Chen L, Fazio M, Sinha AU, Bernt 
KM, Banka D, Dias S, Chang J, Olhava EJ, Daigle SR, 
Richon VM, Pollock RM and Armstrong SA. Leukemic 
transformation by the MLL-AF6 fusion oncogene requires 
the H3K79 methyltransferase Dot1l. Blood. 2013; 
121:2533-2541.

20. Ayton PM and Cleary ML. Transformation of myeloid 
progenitors by MLL oncoproteins is dependent on Hoxa7 
and Hoxa9. Genes Dev. 2003; 17:2298-2307.

21. So CW, Karsunky H, Wong P, Weissman IL and Cleary 
ML. Leukemic transformation of hematopoietic progenitors 
by MLL-GAS7 in the absence of Hoxa7 or Hoxa9. Blood. 
2004; 103:3192-3199.

22. Somervaille TC, Matheny CJ, Spencer GJ, Iwasaki M, Rinn 
JL, Witten DM, Chang HY, Shurtleff SA, Downing JR and 
Cleary ML. Hierarchical maintenance of MLL myeloid 
leukemia stem cells employs a transcriptional program 
shared with embryonic rather than adult stem cells. Cell 
Stem Cell. 2009; 4:129-140.

23. Kohlmann A, Schoch C, Dugas M, Schnittger S, Hiddemann 
W, Kern W and Haferlach T. New insights into MLL gene 
rearranged acute leukemias using gene expression profiling: 
shared pathways, lineage commitment, and partner genes. 
Leukemia. 2005; 19:953-964.

24. Slany RK, Lavau C and Cleary ML. The oncogenic capacity 
of HRX-ENL requires the transcriptional transactivation 
activity of ENL and the DNA binding motifs of HRX. Mol 
Cell Biol. 1998; 18:122-129.

25. Chen J, Bardes EE, Aronow BJ and Jegga AG. ToppGene 
Suite for gene list enrichment analysis and candidate gene 
prioritization. Nucleic Acids Res. 2009; 37:W305-311.

26. Milne TA, Dou Y, Martin ME, Brock HW, Roeder RG 
and Hess JL. MLL associates specifically with a subset of 
transcriptionally active target genes. Proc Natl Acad Sci U 
S A. 2005; 102:14765-14770.

27. Krivtsov AV, Twomey D, Feng Z, Stubbs MC, Wang Y, 
Faber J, Levine JE, Wang J, Hahn WC, Gilliland DG, Golub 

TR and Armstrong SA. Transformation from committed 
progenitor to leukaemia stem cell initiated by MLL-AF9. 
Nature. 2006; 442:818-822.

28. Sears R, Nuckolls F, Haura E, Taya Y, Tamai K and Nevins 
JR. Multiple Ras-dependent phosphorylation pathways 
regulate Myc protein stability. Genes Dev. 2000; 14:2501-
2514.

29. Zhao X, Lwin T, Zhang X, Huang A, Wang J, Marquez 
VE, Chen-Kiang S, Dalton WS, Sotomayor E and Tao J. 
Disruption of the MYC-miRNA-EZH2 loop to suppress 
aggressive B-cell lymphoma survival and clonogenicity. 
Leukemia. 2013; 27:2341-2350.

30. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison 
EA, Magoon D, Qi J, Blatt K, Wunderlich M, Taylor MJ, 
Johns C, Chicas A, Mulloy JC, Kogan SC, Brown P, et al. 
RNAi screen identifies Brd4 as a therapeutic target in acute 
myeloid leukaemia. Nature. 2011; 478:524-528.

31. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, 
Fedorov O, Morse EM, Keates T, Hickman TT, Felletar I, 
Philpott M, Munro S, McKeown MR, Wang Y, Christie AL, 
West N, et al. Selective inhibition of BET bromodomains. 
Nature. 2010; 468:1067-1073.

32. Hensel T, Giorgi C, Schmidt O, Calzada-Wack J, Neff 
F, Buch T, Niggli FK, Schafer BW, Burdach S and 
Richter GH. Targeting the EWS-ETS transcriptional 
program by BET bromodomain inhibition in Ewing 
sarcoma. Oncotarget. 2016; 7:1451-1463. doi: 10.18632/
oncotarget.6385.

33. Roe JS, Mercan F, Rivera K, Pappin DJ and Vakoc CR. 
BET Bromodomain Inhibition Suppresses the Function 
of Hematopoietic Transcription Factors in Acute Myeloid 
Leukemia. Mol Cell. 2015; 58:1028-1039.

34. Hebestreit K, Grottrup S, Emden D, Veerkamp J, Ruckert 
C, Klein HU, Muller-Tidow C and Dugas M. Leukemia 
gene atlas—a public platform for integrative exploration of 
genome-wide molecular data. PLoS One. 2012; 7:e39148.

35. Haferlach T, Kohlmann A, Wieczorek L, Basso G, Kronnie 
GT, Bene MC, De Vos J, Hernandez JM, Hofmann WK, 
Mills KI, Gilkes A, Chiaretti S, Shurtleff SA, Kipps TJ, 
Rassenti LZ, Yeoh AE, et al. Clinical utility of microarray-
based gene expression profiling in the diagnosis and 
subclassification of leukemia: report from the International 
Microarray Innovations in Leukemia Study Group. J Clin 
Oncol. 2010; 28:2529-2537.

36. Falantes JF, Trujillo P, Piruat JI, Calderon C, Marquez-
Malaver FJ, Martin-Antonio B, Millan A, Gomez M, 
Gonzalez J, Martino ML, Montero I, Parody R, Espigado I, 
Urbano-Ispizua A and Perez-Simon JA. Overexpression of 
GYS1, MIF, and MYC is associated with adverse outcome 
and poor response to azacitidine in myelodysplastic 
syndromes and acute myeloid leukemia. Clin Lymphoma 
Myeloma Leuk. 2015; 15:236-244.

37. Luo H, Li Q, O’Neal J, Kreisel F, Le Beau MM and 
Tomasson MH. c-Myc rapidly induces acute myeloid 
leukemia in mice without evidence of lymphoma-associated 



Oncotarget25222www.impactjournals.com/oncotarget

antiapoptotic mutations. Blood. 2005; 106:2452-2461.
38. Tu HC, Schwitalla S, Qian Z, LaPier GS, Yermalovich A, 

Ku YC, Chen SC, Viswanathan SR, Zhu H, Nishihara R, 
Inamura K, Kim SA, Morikawa T, Mima K, Sukawa Y, 
Yang J, et al. LIN28 cooperates with WNT signaling to 
drive invasive intestinal and colorectal adenocarcinoma in 
mice and humans. Genes Dev. 2015; 29:1074-1086.

39. West JA, Viswanathan SR, Yabuuchi A, Cunniff K, 
Takeuchi A, Park IH, Sero JE, Zhu H, Perez-Atayde A, 
Frazier AL, Surani MA and Daley GQ. A role for Lin28 
in primordial germ-cell development and germ-cell 
malignancy. Nature. 2009; 460:909-913.

40. Viswanathan SR, Powers JT, Einhorn W, Hoshida Y, Ng 
TL, Toffanin S, O’Sullivan M, Lu J, Phillips LA, Lockhart 
VL, Shah SP, Tanwar PS, Mermel CH, Beroukhim R, 
Azam M, Teixeira J, et al. Lin28 promotes transformation 
and is associated with advanced human malignancies. Nat 
Genet. 2009; 41:843-848.

41. Wang YC, Chen YL, Yuan RH, Pan HW, Yang WC, 
Hsu HC and Jeng YM. Lin-28B expression promotes 
transformation and invasion in human hepatocellular 
carcinoma. Carcinogenesis. 2010; 31:1516-1522.

42. Chang TC, Zeitels LR, Hwang HW, Chivukula RR, Wentzel 
EA, Dews M, Jung J, Gao P, Dang CV, Beer MA, Thomas-
Tikhonenko A and Mendell JT. Lin-28B transactivation 
is necessary for Myc-mediated let-7 repression and 
proliferation. Proc Natl Acad Sci U S A. 2009; 106:3384-
3389.

43. Yuan J, Nguyen CK, Liu X, Kanellopoulou C and Muljo 
SA. Lin28b reprograms adult bone marrow hematopoietic 
progenitors to mediate fetal-like lymphopoiesis. Science. 
2012; 335:1195-1200.

44. Jiang X, Huang H, Li Z, Li Y, Wang X, Gurbuxani S, Chen 
P, He C, You D, Zhang S, Wang J, Arnovitz S, Elkahloun 
A, Price C, Hong GM, Ren H, et al. Blockade of miR-150 
maturation by MLL-fusion/MYC/LIN-28 is required for 
MLL-associated leukemia. Cancer Cell. 2012; 22:524-535.

45. Liu J, Zhu L, Xie GL, Bao JF and Yu Q. Let-7 miRNAs 
Modulate the Activation of NF-kappaB by Targeting 
TNFAIP3 and Are Involved in the Pathogenesis of Lupus 
Nephritis. PLoS One. 2015; 10:e0121256.

46. Ali PS, Ghoshdastider U, Hoffmann J, Brutschy B and 
Filipek S. Recognition of the let-7g miRNA precursor by 
human Lin28B. FEBS Lett. 2012; 586:3986-3990.

47. Kim HH, Kuwano Y, Srikantan S, Lee EK, Martindale JL 
and Gorospe M. HuR recruits let-7/RISC to repress c-Myc 
expression. Genes Dev. 2009; 23:1743-1748.

48. Viswanathan SR, Daley GQ and Gregory RI. Selective 
blockade of microRNA processing by Lin28. Science. 
2008; 320:97-100.

49. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, 
Peck D, Sweet-Cordero A, Ebert BL, Mak RH, Ferrando 
AA, Downing JR, Jacks T, Horvitz HR and Golub TR. 
MicroRNA expression profiles classify human cancers. 

Nature. 2005; 435:834-838.
50. Cammarata G, Augugliaro L, Salemi D, Agueli C, La Rosa 

M, Dagnino L, Civiletto G, Messana F, Marfia A, Bica MG, 
Cascio L, Floridia PM, Mineo AM, Russo M, Fabbiano 
F and Santoro A. Differential expression of specific 
microRNA and their targets in acute myeloid leukemia. Am 
J Hematol. 2010; 85:331-339.

51. Qian P, Zuo Z, Wu Z, Meng X, Li G, Zhang W, Tan S, 
Pandey V, Yao Y, Wang P, Zhao L, Wang J, Wu Q, Song 
E, Lobie PE, Yin Z, et al. Pivotal role of reduced let-7g 
expression in breast cancer invasion and metastasis. Cancer 
Res. 2011; 71:6463-6474.

52. Stubbs MC, Kim YM, Krivtsov AV, Wright RD, Feng 
Z, Agarwal J, Kung AL and Armstrong SA. MLL-AF9 
and FLT3 cooperation in acute myelogenous leukemia: 
development of a model for rapid therapeutic assessment. 
Leukemia. 2008; 22:66-77.

53. Chen L, Chen W, Mysliwski M, Serio J, Ropa J, Abulwerdi 
FA, Chan RJ, Patel JP, Tallman MS, Paietta E, Melnick 
A, Levine RL, Abdel-Wahab O, Nikolovska-Coleska Z 
and Muntean AG. Mutated Ptpn11 alters leukemic stem 
cell frequency and reduces the sensitivity of acute myeloid 
leukemia cells to Mcl1 inhibition. Leukemia. 2015; 
29:1290-1300.

54. Schreiner S, Birke M, Garcia-Cuellar MP, Zilles O, Greil 
J and Slany RK. MLL-ENL causes a reversible and myc-
dependent block of myelomonocytic cell differentiation. 
Cancer Res. 2001; 61:6480-6486.

55. Zeisig BB, Schreiner S, Garcia-Cuellar MP and Slany RK. 
Transcriptional activation is a key function encoded by 
MLL fusion partners. Leukemia. 2003; 17:359-365.

56. Sampson VB, Rong NH, Han J, Yang Q, Aris V, 
Soteropoulos P, Petrelli NJ, Dunn SP and Krueger LJ. 
MicroRNA let-7a down-regulates MYC and reverts MYC-
induced growth in Burkitt lymphoma cells. Cancer Res. 
2007; 67:9762-9770.

57. Chen Y, Jacamo R, Konopleva M, Garzon R, Croce C 
and Andreeff M. CXCR4 downregulation of let-7a drives 
chemoresistance in acute myeloid leukemia. J Clin Invest. 
2013; 123:2395-2407.

58. Pelosi A, Careccia S, Lulli V, Romania P, Marziali G, Testa 
U, Lavorgna S, Lo-Coco F, Petti MC, Calabretta B, Levrero 
M, Piaggio G and Rizzo MG. miRNA let-7c promotes 
granulocytic differentiation in acute myeloid leukemia. 
Oncogene. 2013; 32:3648-3654.

59. Manara E, Baron E, Tregnago C, Aveic S, Bisio V, Bresolin 
S, Masetti R, Locatelli F, Basso G and Pigazzi M. MLL-
AF6 fusion oncogene sequesters AF6 into the nucleus to 
trigger RAS activation in myeloid leukemia. Blood. 2014; 
124:263-272.

60. Yeh E, Cunningham M, Arnold H, Chasse D, Monteith 
T, Ivaldi G, Hahn WC, Stukenberg PT, Shenolikar S, 
Uchida T, Counter CM, Nevins JR, Means AR and Sears 
R. A signalling pathway controlling c-Myc degradation that 



Oncotarget25223www.impactjournals.com/oncotarget

impacts oncogenic transformation of human cells. Nat Cell 
Biol. 2004; 6:308-318.

61. Stratikopoulos EE, Dendy M, Szabolcs M, Khaykin AJ, 
Lefebvre C, Zhou MM and Parsons R. Kinase and BET 
Inhibitors Together Clamp Inhibition of PI3K Signaling 
and Overcome Resistance to Therapy. Cancer Cell. 2015; 
27:837-851.

62. Asangani IA, Dommeti VL, Wang X, Malik R, Cieslik M, 
Yang R, Escara-Wilke J, Wilder-Romans K, Dhanireddy 
S, Engelke C, Iyer MK, Jing X, Wu YM, Cao X, Qin ZS, 
Wang S, et al. Therapeutic targeting of BET bromodomain 
proteins in castration-resistant prostate cancer. Nature. 
2014; 510:278-282.

63. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R 
and Salzberg SL. TopHat2: accurate alignment of 
transcriptomes in the presence of insertions, deletions and 
gene fusions. Genome Biol. 2013; 14:R36.

64. Anders S, Pyl PT and Huber W. HTSeq—a Python 
framework to work with high-throughput sequencing data. 
Bioinformatics. 2015; 31:166-169.

65. de Hoon MJ, Imoto S, Nolan J and Miyano S. Open source 
clustering software. Bioinformatics. 2004; 20:1453-1454.

66. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling 
M, Dudoit S, Ellis B, Gautier L, Ge Y, Gentry J, Hornik 
K, Hothorn T, Huber W, Iacus S, Irizarry R, Leisch F, 
et al. Bioconductor: open software development for 
computational biology and bioinformatics. Genome Biol. 
2004; 5:R80.

67. Robinson MD, McCarthy DJ and Smyth GK. edgeR: a 
Bioconductor package for differential expression analysis of 
digital gene expression data. Bioinformatics. 2010; 26:139-
140.

68. Yue SB, Trujillo RD, Tang Y, O’Gorman WE and Chen 
CZ. Loop nucleotides control primary and mature miRNA 
function in target recognition and repression. RNA Biol. 
2011; 8:1115-1123.


