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Transposable elements (TEs) have been shown to have important gene regulatory functions and their alteration could lead to
disease phenotypes. Acute myeloid leukemia (AML) develops as a consequence of a series of genetic changes in hematopoietic
precursor cells, including mutations in epigenetic factors. Here, we set out to study the gene regulatory role of TEs in AML. We
first explored the epigenetic landscape of TEs in AML patients using ATAC-seq data. We show that a large number of TEs in
general, and more specifically mammalian-wide interspersed repeats (MIRs), are more enriched in AML cells than in normal
blood cells. We obtained a similar finding when analyzing histone modification data in AML patients. Gene Ontology en-
richment analysis showed that genes near MIRs in open chromatin regions are involved in leukemogenesis. To functionally
validate their regulatory role, we selected 19 MIR regions in AML cells, and tested them for enhancer activity in an AML cell
line (Kasumi-1) and a chronic myeloid leukemia (CML) cell line (K562); the results revealed several MIRs to be functional
enhancers. Taken together, our results suggest that TEs are potentially involved in myeloid leukemogenesis and highlight these
sequences as potential candidates harboring AML-associated variation.
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INTRODUCTION

Transposable elements (TEs), including DNA transposons
and retrotransposons, comprise nearly half of the human
genome (Rebollo et al., 2012). Retrotransposons including

long interspersed repeats (LINE), short interspersed repeats
(SINE), and long terminal repeat elements constitute major
components of the human genome (Burns and Boeke, 2012).
TEs have been shown to be involved in human diseases by
causing insertional mutations in specific genes (Belancio et
al., 2009) as well as by creating recombined cis-acting sig-
nals that alter gene expression (Rebollo et al., 2012). Only a
small proportion of retrotransposons can transpose their
DNA, which suggests that they could function in other ways
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(Göke and Ng, 2016). For example, TE-derived lncRNAs
can modulate pluripotency and impact human development
(Durruthy-Durruthy et al., 2016). Hypomethylation of TEs
was also detected in malignancies of the lung (Daskalos et
al., 2009) and bladder (Wolff et al., 2010). A large proportion
of retrotransposons are marked by H3K4me1 and H3K27ac,
bound by transcription factors, and thus might act as reg-
ulators to influence the expression of nearby genes (Göke
and Ng, 2016; Su et al., 2014; Trizzino et al., 2017) and mark
cell identities (Cao et al., 2019). For example, CTCF binding
repeat DXPas34 in the Xist locus regulates imprinted X in-
activation (Cohen et al., 2007); moreover, mammalian-wide
interspersed repeats (MIRs) are under strong selection (Ka-
mal et al., 2006), and some MIRs can function as enhancer
boosters (Cao et al., 2019; Smith et al., 2008). L1 insertions
also frequently occur in cancers at hypomethylated genomic
regions, which could disrupt the expression of target genes
(Göke and Ng, 2016).
MIRs belong to the SINE elements and are about 260 bp in

length, including a tRNA-related 5′ cap and a 70 bp con-
served central domain (Carnevali et al., 2016). MIRs account
for 2.93% of the human genome, and about 500,000 of them
have been annotated, which include four subfamilies: MIR,
MIRb, MIRc, and MIR3 (Carnevali et al., 2016; Rodić and
Burns, 2013). MIRs have been shown to participate in the
regulation of gene expression, site cleavage, and poly-
adenylation (Hughes, 2000), and interact with other TEs
such as L2 in the 3D genome (Cao et al., 2019). The in-
tegration of MIRs into genes is important for gene control
and evolution. For example, the zinc finger gene zfOC1
contains MIRs that are thought to play a role in human heart
and vision impairment (Hughes, 2000). MIRs have also been
found to play regulatory roles in the human genome, serving
as chromosomal barriers or elements that insulate enhancers
(Carnevali et al., 2016). The binding of MIRs by the tran-
scription factors POLR2A, TBP, MAZ, MAX, and YY1
highly expressed in some cell lines suggests that the ex-
pression of MIRs may be regulated by these transcription
factors (Carnevali et al., 2016). MIRs are also the only type
of transposon element positively associated with tissue-
specific gene expression in their vicinity (Jjingo et al., 2011).
A series of studies have indicated that MIRs can contain
binding sites for transcription factors (Cao et al., 2019; Po-
lavarapu et al., 2008; Thornburg et al., 2006). MIRs can also
contain the constituent sequences of enhancers and act as
enhancers (Cao et al., 2019; Huda et al., 2011; Jjingo et al.,
2014). Moreover, some MIRs have sites overlapping with
microRNAs (Piriyapongsa et al., 2007) or with antisense
transcripts (Conley et al., 2008; Jjingo et al., 2014).
Acute myeloid leukemia (AML) is a relatively common

leukemic type associated with a low survival rate (Oran and
Weisdorf, 2012). AML could be caused by constituent mu-
tations in hematopoietic precursor cells, leading to the pro-

duction of abnormal cells in the bone marrow and blood
(Kumar, 2011). AML cells have high genetic stability (Pta-
sinska et al., 2014) and molecular heterogeneity (Solh et al.,
2014; Valk et al., 2004). The known genetic alterations in
AML include mutations in oncogenes and tumor suppressor
genes as well as cytogenetic abnormalities. Recurrent chro-
mosomal structural variations such as t(8;21) have been well
studied in AML cells (Buenrostro et al., 2013; Rowley,
2008). With the introduction of large-cohort whole-genome
sequencing studies, additional genetic hallmarks of AML are
being revealed. These include multiple somatic mutations,
such as genetic rearrangements, mutations in genes encoding
DNA methyltransferases, chromatin modifiers, and tran-
scription factors (Ley et al., 2013; Papaemmanuil et al.,
2016). Like in other human diseases, the role of TEs in AML
is unclear; we therefore set out to investigate whether TEs
can act as enhancers or promoters during the development of
AML.
The analysis of epigenetic modifications could enable the

detection of TEs that are associated with human disease
(Lamprecht et al., 2010). Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq) (Buenrostro et al.,
2013) is now a widely used method to assess genome-wide
chromatin accessibility. Here, we focused on understanding
the role of TEs and their relevance to AML. We first in-
tegrated ATAC-seq data and histone modification ChIP-seq
data in AML cell lines to assess the relationship between TEs
and AML. We found a cluster of TEs that show high ATAC-
seq signals specifically enriched in AML cells. These regions
also show enrichment for H3K4me1 and H3K27ac histone
marks, suggesting their role as enhancers. Since MIRs were
enriched in the group of TEs with high ATAC-seq signals in
AML cells, we focused on MIRs to test the role of TEs as
active regulatory elements in AML. We show that some
MIRs, which were specifically enriched in open chromatin
regions in AML cells, are positive enhancers in Kasumi-1
and chronic myeloid leukemia (CML) cell lines (K562). Our
results suggest a possible important role for TE and speci-
fically MIRs in myeloid leukemogenesis.

RESULTS

Identification of AML-specific TEs in open chromatin
regions

To explore whether TEs are in an open or closed chromatin
state in AML, bulk ATAC-seq data (GSE74912; Corces et
al., 2016) of AML patient blast samples and normal blood
progenitor cells were analyzed, which included 23 samples
from AML blast cells, 7 samples from hematopoietic stem
cells (HSCs), 6 samples from multipotent progenitor cells
(MPPs), 3 samples from lymphocyte-initiated pluripotent
progenitor cells (LMPP), 8 samples from common myeloid
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progenitor cells (CMP), 5 samples from common lymphoid
progenitor cells (CLP), 7 samples from particle granulocyte
macrophage progenitor cells (GMP), 7 samples from
megakaryocyte erythroid progenitor cells (MEPs), 5 samples
from CD4+ T cells, 5 samples from CD8+ T cells, 4 samples
from CD19+CD20+ B cells, 6 samples from natural killer
cells, 6 samples from monocytes, and 8 samples from ery-
throblasts. Repeat annotations for all species used in this
study were downloaded from UCSC (Karolchik et al., 2004).
ATAC-seq signals shown in log2-transformed FPKM
(Fragments Per Kilobase per Million mapped) values of TEs
were computed by iteres (Xie et al., 2013) and then trans-
formed into a 0/1 binary matrix. Specifically, as the nonzero
ATAC-seq signal values of TEs containing 0 ATAC-seq
signal value in more than half of all samples follow a normal
distribution, we used this distribution as noise background
and set the log2-transformed FPKM signal to 1 if it was
>mean+3std in this noise distribution, and to 0 otherwise.
TEs having all zeros in the matrix were removed, and the
remaining TEs were grouped into four clusters (Methods).
Principal component analysis (PCA)-based k-means clus-
tering (Ding and He, 2004; Pedregosa et al., 2011) was
carried out to explore the open/closed (active/inactive) pat-
terns of these TEs (Methods, Figure 1A). A total of 42,443
TEs in open chromatin regions were obtained and grouped
into four clusters. Our analyses found a cluster of TEs in
open chromatin regions specifically enriched in AML sam-
ples, the C3 cluster, totaling 20,869 TEs (Table S1 in Sup-
porting Information), including 27.29% MIRs, 14.51%
LINE-2 (L2) elements, and other TE families. Although
ATAC-seq signals of C3 TEs have some difference among
the 23 AML blast samples, which might reflect the hetero-
geneity across different patients, for example, different gene
mutations, there are high correlations among 12 of the 23
samples and high correlations among the other 11 samples,
suggesting two subtypes of the AML samples (Figure S1A in
Supporting Information). The information on AML patients
derived from Corces et al. (2016) was added in Table S2 in
Supporting Information. TE family enrichment analysis was
performed in all four clusters (Methods); interestingly, MIRs
were highly enriched in all four clusters, which may suggest
that MIRs were located at open chromatin regions in blood-
related cells. In particular, MIRs and L2s were both highly
enriched in the C3 cluster (FDR<1×10–10) (Figure 1B).
Therefore, we wonder whether MIRs in C3 play a role in the
process of AML, perhaps as enhancers.
Transcription factors (TFs) play important roles in the

progression of AML. For example, the transcription factor
CEBPA is known to be critical for myeloid differentiation
(Gonzalez et al., 2017), FOSB is essential for growth in
human AML cells (Bergerson et al., 2012), and JUN is a key
regulator of unfolded protein response in AML (Zhou et al.,
2017). AP-1 proteins are composed of one member of each

of the two different families of related bZIP proteins, the Fos
family (c-Fos, Fra-1, Fra-2, and FosB) and the Jun family (c-
Jun, JunB, and JunD), providing a multiplicity of regulatory
control (Karin et al., 1997). AP-1 factors have been shown to
play an important role in AML (Czibere et al., 2008). To
identify the role of TFs in AMLTEs specifically enriched in
open chromatin regions, we conducted motif analysis in C3
cluster TEs. Compared to a random genomic background and
all TEs in open chromatin regions, the motifs of AP-1 factors
and CEBP families were significantly enriched in C3 TEs
(Figure 2A). We found that motifs of FOSB, FOS, and
JUND, which are related to the MAPK pathway (Vinciguerra
et al., 2004), were also highly enriched in the C3 cluster.
Furthermore, about 8% of the MIR-containing regions in C3
had these TF motifs. We also computed the expression value
of these TFs in the AML blast samples with normal blood
progenitor cells using the RNA-seq data (GSE74246) (Fig-
ure S1B in Supporting Information). We found that these TFs
had higher expression in AML blast samples than in most
normal blood cell lines. We collected the published CEBPA
ChIP-seq data in the Kasumi-1 cell line from GSM1501162
(Ptasinska et al., 2014), and found that CEBPA significantly
binds to C3 TEs in this cell line (Chi-squared test P-va-
lue<2.2×10–16). Although other ChIP-seq data for other TFs
containing these enriched motifs are still needed to verify
these TFs’ function in AML, these results suggested that
these TFs might be associated with TEs enriched in the open
chromatin region and have some function in AML.
In addition, functional enrichment analysis using GREAT

(McLean et al., 2010) revealed that genes near C3 TEs, C3
MIRs, and C3 L2s are highly related to immune response
(Figure 2B and C; Figure S1D in Supporting Information). In
particular, the most significant disease annotation term
among genes near C3 MIRs is AML (Figure 2D). The genes
near TEs were defined by GREAT (Figure 2B and C) or
HOMER (Heinz et al., 2010) (Figure 2D). HOMER analysis
of disease terms from DisGeNET (Piñero et al., 2017) for the
C3 nearest genes revealed enrichment for AML regulatory
genes near MIRs, and the most significant annotated disease
term for C3MIRs was AML. For the disease terms annotated
for the genes near C3 L2, the most significant term was re-
lated to encephalomyelitis, while the third annotated disease
term was leukemia (Figure S1C in Supporting Information).
Taken together, our results suggest that C3 TEs, in particular
MIRs, might be functional elements in AML.

TEs could potentially function as enhancers or
promoters in AML

We next set out to analyze the potential regulatory function
of C3 TEs in AML. To identify whether they have potential
promoter or enhancer activity in AML cells, we analyzed the
following datasets: (i) AML H3K27ac, H3K4me1, and
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H3K4me3 ChIP-seq peaks from the BLUEPRINT Database
2016 release (http://dcc.blueprint-epigenome.eu/#/home)
(Adams et al., 2012); (ii) H3K27ac and H3K4me1 profiles in
the MOLM-14 cell line (GSE65138; Pelish et al., 2015),
which is an established MLL-AF9 rearranged AML cell line
(Matsuo et al., 1997); and (iii) p300 ChIP-seq data from the
Kasumi-1 cell line (GSE76464; Mandoli et al., 2016), which
is an established t(8,21) translocation (RUNX1-ETO fusion
gene) AML cell line (Ptasinska et al., 2014).
Using the AML H3K27ac, H3K4me1, and H3K4me3 peak

datasets from the BLUEPRINT Database (Adams et al.,
2012), we obtained the enhancer-like repeats (ELRs) and
promoter-like repeats (PLRs). ELRs are TEs overlapping
with both H3K4me1 and H3K27ac peaks, while PLRs are
TEs overlapping with both H3K4me3 and H3K27ac peaks.
From the results of Gene Set Enrichment Analysis (GSEA),
we found that TEs in C3 are significantly enriched for the

BLUEPRINT AML TE enhancers, namely, ELRs (Figure
2E). The C3 TE activity profiles were further corroborated
by the H3K27ac and H3K4me1 profiles in the MOLM-14
cell line (GSE65138; Pelish et al., 2015) (Figure 3A). In
addition, the TEs overlapping between C3 TEs and ELRs or
PLRs both show high activity for H3K27ac and H3K4me1.
We also collected H3K27ac ChIP-seq data in the THP-1 cell
line, which was established on the MLL-AF9 translocation
cell line (GSM2108046; Prange et al., 2017). C3 TEs were
significantly enriched in TEs overlapping with H3K27ac
peaks (Chi-squared test, P-value <2.2×10–16). This suggests
that C3 TEs are significantly enriched in these AML-related
cell lines and might play roles during this process. The MIRs
in C3 also have higher H3K27ac, H3K4me1, and H3K4me3
activity than other repressive histone modifications or input
in 10 BLUEPRINTAML patients. The histone modification
profiles for 10 BLUEPRINTAML patients were variable; for

Figure 1 TEs specifically enriched in open chromatin regions of AML patients’ blast cells. A, Heatmap of PCA-based k-means clustering for the TE binary
matrix (enriched in open chromatin region or not), totaling 42,443 TEs originating from ATAC-seq (GSE75384). Red stands for enriched in open chromatin
regions and white for not enriched in open chromatin regions. Different clusters are labeled with a prefix of C. The C3 cluster comprises acute myeloid
leukemia (AML)-specific enriched in open chromatin region TEs. B, TE family enrichment in different clusters of TEs defined in (A). Bubble size indicates
corrected enrichment P-value and color marks enrichment score. The enrichment test was performed with a combination of the binomial test and hy-
pergeometric test.
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example, eight patients have higher H3K4me3 than
H3K4me1 signal, while two patients have the opposite pat-

tern. However, this might reflect different age, sex, or other
different confounding factors. Nonetheless, the common

Figure 2 Functional annotation for AML-specific active TEs. A, Top enriched motifs for C3 TEs. The significance test was carried out by CentriMo.
Orange color indicates the significance called with random background; (cyan color indicates the significance called by comparing with all enriched in open
chromatin region TEs) cyan color indicates the significance called with all detected open TEs treated as background. B, Bar plot of the top 15 enriched GO
terms for C3 TEs, annotated by GREAT. C, Bar plot of the top 15 enriched GO terms for the MIRs in the C3 group annotated by GREAT. D, Bar plot of the
top 15 enriched DisGeNET diseases for C3 MIRs, annotated by HOMER. E, Gene Set Enrichment Analysis (GSEA) result of C3 TEs to BLUEPRINTAML
TE enhancers (2016 release). C3 TEs are not significantly enriched for BLUEPRINT AML TE promoters. ES represents enrichment score.
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pattern is that H3K4me1, H3K27ac, and H3K4me3 signals
of C3 MIRs are higher than those of other repressive histone
markers and input control. This suggests that C3 MIRs might
act as enhancers or promoters in AML (Figure S2A in

Supporting Information). From the distribution of the dis-
tance of C3 TEs to their nearest genes, 73.9% of C3 TEs are
more than 10 kb away from their nearest genes (Figure S3A
in Supporting Information). In addition, 70.9% of C3 MIRs

Figure 3 Epigenetic, genetic, and gene expression evidence of AML-specific active TEs. A, H3K4me1 and H3K27ac signals of C3 TEs and average
H3K4me1 and H3K27ac profile of enhancer-like repeats (ELRs) and promoter-like repeats (PLRs) in the MOLM-14 cell line (GSE65138). ELRs are those
C3 TEs that overlap with both H3K4me1 and H3K27ac peaks from BLUEPRINT Database AML samples; other remaining C3 TEs are defined as PLRs. B,
Gene Set Enrichment Analysis (GSEA) result of C3 TEs to TEs bound by p300 in the AML Kasumi-1 cell line (GSE76464). C, Histogram for distance of C3
TEs to nearest expression quantitative trait loci (eQTLs) from Genome-Wide Repository of Associations Between SNPs and Phenotypes (GRASP) and
Genome-wide association study (GWAS) Catalog SNPs. D, Heatmap of selected specifically expressed protein-coding genes (upper panel) and lncRNAs
(lower panel).
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are more than 10 kb away from their nearest genes (Figure
S3B in Supporting Information). This indicates that most C3
TEs might act as enhancers, but not promoters. From the
GSEA results of the EP300 ChIP-seq peaks from the Kasumi-
1 cell line (GSE76464) (Mandoli et al., 2016), C3 TEs are
significantly enriched for the TEs overlapping with EP300
peaks (Figure 3B, FDR<0.001). A total of 2,490 TEs of
20,869 C3 TEs overlap with EP300 peaks, and 690 MIRs in
C3 have EP300 binding. MOLM-14 is an MLL-AF9 rear-
ranged AML cell line, and Kasumi-1 is a RUNX1-ETO fusion
AML cell line. C3 TEs were significantly enriched in the
Kasumi-1 cell EP300 peaks. Taken together, these findings
suggest that most C3 TEs might function as enhancers, while
some might function as promoters in AML-related cell lines.
Genome-wide association studies (GWAS) (Manolio,

2010) have demonstrated that the majority of genetic var-
iants are found in noncoding regions of the genome and are
therefore likely to be involved in regulating gene expression.
An expression quantitative locus (eQTL) is a locus that has
genetic variants and can explain the expression change of
genes (Nica and Dermitzakis, 2013). We wondered whether
the disease-related C3 may be enriched with disease-related
SNPs, which would suggest regulatory roles in disease pa-
thogenesis. Using human cell line/tissue eQTLs, we ana-
lyzed C3 TEs for the enrichment of eQTL. For eQTL
analysis, we collected the SNP data from Genome-Wide
Repository of Associations Between SNPs and Phenotypes
(GRASP) (Eicher et al., 2015) and GWAS Catalog (Ma-
cArthur et al., 2017). The distance between C3 TEs and
SNPs is shown in Table S3 in Supporting Information. The
distribution of the distance of C3 TEs to the nearest eQTLs
from GRASP and GWAS Catalog SNPs (Figure 3C) showed
that 80.75% of C3 TEs have eQTLs and 17.16% have an
SNP within 10 kb upstream and downstream, indicating that
these TEs are associated with disease traits. To study the
evolutionary conservation of the C3 TEs, we compared them
to the sets of TEs enriched in open chromatin regions in
mouse AML cells on day 8 and day 27 (Sen et al., 2016)
using ATAC-seq data (GSE87646). C3 TEs are significantly
enriched in mouse AML TEs enriched in open chromatin
regions (P=0.038 by GSEA), according to sequence simila-
rities (Figure S3D in Supporting Information, Methods).
Although 72% of C3 TEs cannot be mapped to the mouse
genome, MIR is the most conserved TE in both human and
mouse AML cells (Figure S3E in Supporting Information).

Potential regulation of AML specifically expressed genes
by TEs

We next set out to examine whether genes that play important
roles in AML reside near TEs that are predicted to function
as gene regulatory elements in our study. RNA-seq data of 13
normal hematopoietic cell types and AML blasts from

GSE74246 (Corces et al., 2016) were analyzed. Overall, 782
AML specifically differentially expressed genes and 420
specifically differentially expressed lncRNAs were obtained
by the entropy-based Jensen-Shannon divergence (JSD)
method (Cabili et al., 2011) (Figure 3D, Methods). Examples
of MIRs enriched in open chromatin regions that potentially
function as enhancers or promoters to regulate highly ex-
pressed genes in AML blasts are shown in Figure 4A and
Figure S3C in Supporting Information. Data used in these
two figures were from the following published datasets:
ATAC-seq data of 13 normal hematopoietic cell types and 3
AML cell types (pHSC, LSC, blasts) (GSE75384). Among
them, pHSC stands for pre-leukemic hematopoietic stem
cell, LSC for leukemia stem cell, where replicates belonging
to one cell type were aggregated together; then, MACS2
(Zhang et al., 2008) was used to generate the RPM (Reads
per Million mapped) normalized visualization tracks.
H3K27ac, H3K4me1 ChIP-seq, and input data in the
MOLM-14 cell line (GSE65138) and leukemia blast RNA-
seq data (GSE75384) (Corces et al., 2016) were also used. In
Figure 4A, the first example of an MIR belongs to ELRs and
its nearby gene is TNFAIP2, which is associated with tumor
progression and highly expressed in AML blasts, suggesting
that this MIR might function as an enhancer. The second
example of an MIR, which is in the promoter region of
nearby gene CFP, indicates that this MIR can act as a pro-
moter to activate the nearest gene expression.

MIRs are functional enhancers in Kasumi-1 and K562
cell lines

The following criteria were used to select candidate C3
cluster MIRs for experimental validation of enhancer activ-
ities: (i) the intensity of the ATAC-seq signal; (ii) the pre-
sence of a EP300 ChIP-seq peak; (iii) the presence of AML-
associated transcription factor binding motifs; and (iv) the
vicinity to known AML-related genes. Nineteen regions
containing MIRs enriched in AML cells (data in Table S4 in
Supporting Information) were selected and tested for en-
hancer activity using dual luciferase reporter assay in AML
cells (Kasumi-1). Our in vitro enhancer assays were initially
designed for an AML cell line (Kasumi-1). However, the
transfection efficiency was very low for this cell line in all
methods used, including X-tremeGENE, lipofectamine,
polyethylenimine, Max and electroporation. Despite having
low transfection efficiency in these cells, four regions
showed strong enhancer activity (Figure 4B). As an addi-
tional validation, we also tested all 19 regions in the CML
cell line (K562) as their infection efficiency is much higher.
All four sequences that were positive for enhancer activity in
Kasumi-1 cells were also positive in these cell lines, along
with seven additional regions (Figure 4B, data in Table S5 in
Supporting Information). Furthermore, we also examined the
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ATAC-seq signal of MIRs in the K562 cell line using the data
from GSE99173 (Liu et al., 2017), and found that MIR9 and
MIR18, which have high enhancer luciferase activity, also
had high ATAC-seq signal in K562 (Figure 4C). Taken to-
gether, our results show that MIRs could be functional en-
hancers in these two cancer cell types.

DISCUSSION

TEs are important elements for genome plasticity and evo-
lution. The insertion of TEs in the human genome can cause
genetic dysfunction and alteration of gene expression, con-
tributing to cancer and other human diseases (Chenais,
2015). For example, the deletion of TEs like Alus could
account for mutations in several genes, which could cause

von Hippel-Lindau disease (Casarin et al., 2006). Altered
expression of TEs and other active elements in different
phases of cancer cell progression could be responsible for
driving tumorigenesis (Burns, 2017).
Here, we studied the potential important gene regulatory

roles of TEs, and MIRs in particular, in AML. Through the
analysis of data in AML cell lines, we found a cluster of TEs
(C3) that showed special enrichment and a gain in activity in
AML compared with that in normal blood cells. Interest-
ingly, some transcription factor motifs, such as those for
FOSB, FOS, and JUND, which are related to the MAPK
pathway, are enriched in C3 TEs. Inappropriate constitutive
activation of the MAPK pathway is known to play a role in
the leukemic transformation of myeloid cells (Milella et al.,
2001). Thus, TEs enriched in open chromatin regions may
serve as response elements in leukemogenesis downstream

Figure 4 Validation of enhancer activities of TEs that are specifically associated with AML open chromatic regions. A, Two examples of suggested
enhancer activity of MIR (for TNFAIP2) and promoter activity (for CFP). pHSC: pre-leukemic hematopoietic stem cell; LSC: leukemia stem cell. FPKM
value was used to visualize the signal; the same scale was used for the same data type when visualizing in the genome browser. B, Enhancer assay results for
the 19 selected MIRs in Kasumi-1 and K562 cell lines. C, ATAC-seq signal of MIR in the K562 cell line.

682 Zeng, Y., et al. Sci China Life Sci May (2020) Vol.63 No.5



of the MAPK pathway. Furthermore, the motif for the tran-
scription factor CEBPA is also enriched in C3. This tran-
scription factor is known to coordinate proliferation arrest
and the differentiation of myeloid progenitors, and its mu-
tation has also been detected in AML cells, and used as a
prognostic marker (Grossmann et al., 2012; Matsuo et al.,
2014). This suggests a specific role for these TEs in AML. In
addition, most of the C3 TEs had high H3K27ac and
H3K4me1 activity, suggesting enhancer activity of these
regions. In addition, the genes near MIRs in the C3 cluster
are particularly associated with AML leukemogenesis and
immune response. TNFAIP2, which was originally identified
as a TNFα-inducible gene in endothelial cells, was shown to
be involved in the pathogenesis of AML (Rusiniak et al.,
2000). We found that it is in the vicinity of MIR and has a
high expression level in AML. Intercellular adhesion mole-
cule-1 (ICAM1) can interact with lymphocyte function-as-
sociated antigen-1 (LFA-1), which functions in the adhesion
and migration of AML cells (Zhang et al., 2006). We found
an MIR in the vicinity of ICAM1 that is highly expressed in
AML samples. Moreover, blocking Adrb2 in leukemic mice
can significantly reduce their survival (Hanoun et al., 2014).
In our analysis, ADRB2 was shown to be highly expressed
and near the L3. These examples of genes suggest that the
TEs we identified might serve as potential enhancers to
modulate key factors involved in AML initiation or pro-
gression. Enhancer assays performed in Kasumi-1 and K562
cells revealed several MIRs that function as enhancers in
vitro.
MIRs have been reported to have widespread enhancer

activities, some of which even function as enhancer boosters
(Cao et al., 2019; Smith et al., 2008). This study further
shows that MIRs can be epigenetically active in disease
models and further substantiates the hypothesis that all TEs
might be epigenetically active under certain normal or dis-
ease biological contexts, providing regulatory sites/sources
for TFs. This study also provides a new perspective for AML
researchers and clinicians to enlarge their scope for studying
disease etiology and outcome. MIRs are potentially involved
in myeloid leukemogenesis, but the specific mechanisms for
MIR involvement in AML are still unknown. We speculate
that MIRs function as independent enhancers or through
interaction with other important upstream regulators to alter
gene expression in cancer cells. Future studies are needed to
explore relationships between MIRs and the most enriched
TFs. Our study suggests a potential role for TEs, especially
MIRs, as enhancers in AML and CML.

METHODS

Activated human TEs identified from ATAC-seq

Bulk ATAC-seq data from GSE75384 were mapped to the

human genome build hg38 by bowtie2 (v2.2.3) (Langmead
and Salzberg, 2012) using the adapter trimmed reads and the
same parameters as in a previous study (Corces et al.,
2016). For mapping, bowtie2 (Langmead and Salzberg,
2012) was used with specific parameters set to “-q –end-to-
end –very-sensitive –no-discordant –no-mixed –maxins
2000,” and the reads/pairs that could be aligned to multiple
locations were kept and mapped to the best matched posi-
tion. Next, duplicates were removed and unmapped reads
were discarded, while multi-mapped reads were retained for
the next step of analysis. According to Derrien et al. (2012),
if the read length is ≥100 bp, even using a unique mapping
strategy, the mappability is still high in most repeat regions.
The ATAC-seq data used here are paired-end, and each
end’s read length is 75 bp (together is 150 bp; single-ended
mapped reads were removed); hence, these data mostly
overcame the mappability problems, even using the unique
mapping strategy. Unique mapping was used for ATAC-seq
data as the read length (75 bp paired-end reads) was long
enough to overcome the issue of mappability in TE regions
(Derrien et al., 2012). Transposable element annotations are
from RepeatMasker identified by the Repbase (Jurka et al.,
2005; Kohany et al., 2006) classification system. The
quantitative FPKM of each individual TE was calculated by
iteres (Xie et al., 2013) and then log2-transformed. We used
a simple method to model the ATAC-seq signal to noise for
TEs as follows: For a TE, if more than half of the samples in
the same group have 0 signal, then nonzero signals were
collected to draw a normal distribution, and the mean+3std
was set as the noise cut-off. The values higher than the cut-
off were set as 1 (open chromatin region) and those lower
were set as 0 (closed chromatin region) to obtain the binary
matrix.

Active mouse TEs identified from ATAC-seq

ATAC-seq data of mouse CD8+ cells in the set conditions (8
days after acute LCMV infection, 27 days after acute LCMV
infection) (GSE87646; Sen et al., 2016) were mapped to the
mouse genome build mm10 by bowtie (v2.2.3) (Langmead
and Salzberg, 2012) using the adapter trimmed reads and the
same parameters as in a previous study (Corces et al., 2016).
The quantitative FPKM of each individual TE was calculated
by iteres (Xie et al., 2013) and then log2-transformed. The
values were converted to binary values using the same
method as TEs enriched in open chromatin regions identified
from human ATAC-seq. Then, we defined the TEs enriched
in open chromatin regions in mouse AML cells as those TEs
are enriched in open chromatin regions in mouse on day 8
and day 27 (Sen et al., 2016). bnMapper (Denas et al., 2015)
was used to map TEs between mouse AML TEs and human
C3 TEs with the following command: “bnMapper.py -f
BED4 –gap 20 –threshold 0.1.”
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Method for analyzing TEs’ functional enrichment

Gene Set Enrichment Analysis (GSEA) (Subramanian et al.,
2005) was used to test whether a predefined set of TEs has
significantly high or low ranking in a ranked list of TEs
sorted by the ATAC-seq signal. The python package gseapy
(Kuleshov et al., 2016; Subramanian et al., 2005) was used
for this with the following command: “gseapy prerank -f pdf
–max-size 100000 –r a.rnk -g b.gmt –o result.”

PCA-based k-means clustering

PCA-based k-means clustering implemented in scikit-learn
(Pedregosa et al., 2011) was used to cluster TEs defined from
bulk ATAC-seq data. By analyzing the variance ratio ex-
plained by the first 30 components in PCA, we used k=5 as
the number of clusters for k-means with the initial centers of
the first five PCs, as the first five PCs explained the majority
of variance and the curve gradually saturated. After the k-
means clustering, we abandoned one cluster showing a pat-
tern like noise.

Transposable element family enrichment analysis

P-values obtained by hypergeometric test and binomial test
were combined by Stouffer’s Z-score method (Darlington
and Hayes, 2000; Stouffer, 1949). FDR correlations were
performed using these combined P-values. The hypergeo-
metric test, binomial test, and FDR functions were im-
plemented in Orange Bioinformatics Toolbox (Demsar et al.,
2013) and Stouffer’s Z-score method was implemented in
Scipy (Jones et al., 2015). For the test of the significance of
TE families, FDR >1×10–100 was assigned as 1×10–100 and
FDR=1×10–10 was defined as the significance cut-off. En-

richment score was calculated as ES k
m

n
N= / , where k is the

number of specific TE families in the input list, m is the
number of TEs in the input list, n is the number of TE fa-
milies in the genome, and N is the number of all TEs.

Motif analysis

CentriMo (v4.10.0) (Bailey and Machanick, 2012) from the
MEME package (Bailey et al., 2006) was used to identify the
motifs showing significant preference at the center of a set of
TE sequences. The motif datasets curated by MEME called
HOCOMOCOv10_HUMAN_mono were used, and the motif
set was collected by HOCOMOCO (Kulakovskiy et al., 2013).
Fimo fromMEMEwas used to identify the locations of motifs
within each individual TE with the same motif database.

RNA-seq quantification and de novo lncRNA assembly

Sequence reads were aligned using STAR (v2.4.0d) (Dobin

et al., 2013). Cufflinks (v2.2.1) (Trapnell et al., 2010) was
used to assemble the transcript and compute the FPKM value
for every gene. We used the parameter “-g” of cufflinks to
guide lncRNA de novo assembly.

AML specifically expressed genes

Cell-specifically expressed genes/lncRNAs were obtained
by an entropy-based method. Briefly, Jensen-Shannon di-
vergence (JSD) was used to measure the specificity of gene
expression patterns and predefined tissue-specific patterns,
by a method similar to that reported previously (Cabili et al.,
2011). The predefined cell-specific pattern was a binary
vector as samples in target tissue are marked 1 and others as
0. Finally, a JSD cut-off >0.7 was used to define the cell-
specific genes.

Enhancer assay

The selected MIRs were amplified from human DNA
(Roche) and cloned into the pGL4.23 enhancer vector
(Promega; Pasquali et al., 2014) using InFusion cloning
(Clontech). This vector can be used for gateway cloning of
candidate enhancer elements. Cloned regions were verified
for proper inserts using Sanger sequencing.
Kasumi-1 cells were grown in suspension in RPMI1640

medium with 20% fetal bovine serum. Transfection effi-
ciency was tested with a number of methods, including a
range of electroporation protocols, X-tremeGENE (Version
08), Lipofectamine LTX with Plus reagent (ThermoFisher
Scientific), and Polyethylenimine “Max” (Mw 40,000)—
High Potency Linear PEI from Polysciences Inc. Lipo-
fectamine LTX with Plus reagent resulted in the highest
transfection efficiency (~5%) and was thus used for sub-
sequent experiments. K562 cells were grown in suspension
in Iscove’s Modified Dulbecco’s Medium with 10% fetal
bovine serum. Cells were transfected with X-tremeGENE in
accordance with the manufacturer’s protocol. Transfections
were performed in 24-well plates. On the day of transfection,
approximately 400,000 Kasumi-1 cells or K562 cells were
plated in each well and 1 µg of the PGL4.23 insert contacting
plasmid was transfected along with 50 ng of a Renilla plas-
mid (p-RL-TK; Promega) to correct for transfection effi-
ciency. Transfections were performed in triplicate. We also
used an empty pGL4.23 vector as a negative control and the
pGL4.13 vector (Promega) as a positive control. Two days
after transfection, cells were lysed and luciferase activity was
measured using the Dual-Luciferase Reporter Assay Kit
using a Glomex 96-microplate luminometer (Promega).
Each experiment was repeated using three biological re-
plicates on two different days (a total of six biological re-
plicates). The readings from each tested MIR (luciferase/
Renilla) were compared to the reading of the pGL4.23 empty

684 Zeng, Y., et al. Sci China Life Sci May (2020) Vol.63 No.5



vector using a t-test (one-sided, type 2).

Data availability

Data that support the findings of this study were all published
by others; a summary of the used data is presented in Table
S6 in Supporting Information.
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