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Abstract

Background: Acute myeloid leukemia (AML) is a myeloid neoplasm makes up 7.6% of hematopoietic malignancies.
Super-enhancers (SEs) represent a special group of enhancers, which have been reported in multiple cell types. In this
study, we explored super-enhancer profiling through ChIP-Seq analysis of AML samples and AML cell lines, followed
by functional analysis.

Methods: ChlIP-seq analysis for H3K27ac was performed in 11 AML samples, 7T-ALL samples, 8 B-ALL samples, and in
NB4 cell line. Genes and pathways affected by GNE-987 treatment were identified by gene expression analysis using
RNA-seq. One of the genes associated with super-enhancer and affected by GNE-987 treatment was LYL1 basic helix-
loop-helix family member (LYLT). shRNA mediated gene interference was used to down-regulate the expression of
LYLT in AML cell lines, and knockdown efficiency was detected by RT-gPCR and western blotting. The effect of knock-
down on the growth of AML cell lines was evaluated by CCK-8. Western blotting was used to detect PARP cleavage,
and flow cytometry were used to determine the effect of knockdown on apoptosis of AML cells.

Results: We identified a total of 200 genes which were commonly associated with super-enhancers in 210 AML
samples, and were found enriched in regulation of transcription. Using the BRD4 inhibitor GNE-987, we assessed the
dependence of AML cells on transcriptional activation for growth and found GNE-987 treatment predominantly inhib-
its cell growth in AML cells. Moreover, 20 candidate genes were selected by super-enhancer profile and gene expres-
sion profile and among which LYLT was observed to promote cell growth and survival in human AML cells.

Conclusions: In summary, we identified 200 common super-enhancer-associated genes in AML samples, and a
series of those genes are cancer genes. We also found GNE-987 treatment downregulates the expression of super-
enhancer-associated genes in AML cells, including the expression of LYLT. Further functional analysis indicated that
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LYLT is required for AML cell growth and survival. These findings promote understanding of AML pathophysiology and

elucidated an important role of LYLT in AML progression.
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Background

Acute myeloid leukemia (AML) is a myeloid neoplasm
that accounts for 7.6% of hematopoietic malignan-
cies. In bone marrow (BM), AML arise from oncogenic
transformation of hematopoietic progenitors which
damages the blood tissue. According to reports, the
long-term survival rate of patients with AML is less
than 20% [1-3]. It has also been reported that approxi-
mately18,000 AML cases are diagnosed each year in
Europe [4]. The roles of multiple genes are different
between pediatric AML and adult AML. AML is com-
plex, and exploring its pathogenic mechanisms will
help improve the current state of AML treatment [5-8].

A series of hub genes have been identified in AML.
RUNX family transcription factor 1 (RUNX1) dys-
function is reported to be one of the major pathogenic
mechanisms of AML [9]. RUNX1 point mutations
have been identified in myelodysplastic syndrome-
related AML. It has been reported that somatic
RUNX1 mutations have been found in approximately
10% of patients with de novo AML [10]. Myeloperoxi-
dase (MPO) has been widely accepted as a marker for
AML diagnosis, and it is also associated with AML
prognosis [11]. Cyclin-dependent kinase 6 (CDK®6) is
another key molecule in the development of AML. It
functions as a driver of mixed-lineage leukemia rear-
rangements [12].

Pediatric AML is different from adult AML as their
biological process and clinical prognoses are distinct
[13, 14]. Childhood AML is reported to have fewer
somatic mutations and more cytogenetic abnormalities
than adult AML. The epigenetic landscapes of pediatric
and adult AML are also different. Furthermore, differ-
ences in prognosis between childhood AML and adult
AML have also been reported.

Super-enhancers (SEs) represent a special group of
enhancers that have been reported in multiple cell
types [15]. Super-enhancers recruit a particularly large
number of transcription factors/cofactors and induce
the transcription of many target genes, compared
with typical enhancers (TEs). H3k27ac is one of the
frequently-used indicators for super-enhancer identifi-
cation [15]. Aberrant expression of genes triggered by
super-enhancers participates in many biological pro-
cesses, therefore the screening and identification of hub
genes driven by super-enhancers attracted the attention
of many researchers.

Super-enhancers have been reported to be implicated
in multiple types of cancers. Super-enhancer promotes
the growth and survival of t(4;14)-positive multiple
myeloma [16]. HJURP was reported to be an SE-associ-
ated gene in t(4;14)-positive multiple myeloma. Super-
enhancer activates the histone chaperone HJURP, which
leads to abnormal overexpression of HJURP in t(4;14)-
positive multiple myeloma. Overexpression of HJURP
further promotes tumor cell proliferation and is associ-
ated with poor outcome in t(4;14)-positive multiple mye-
loma. Super-enhancer was found to activate the Wnt/
beta-catenin pathway and promotes the proliferation of
liver cancer cells [17]. In hepatocellular carcinoma speci-
mens, a live-specific super-enhancer drives IncRNA-
DAW, leading to activation of the Wnt/beta-catenin
pathway. Oncogenic super-enhancers were also identi-
fied in colorectal cancer through genome-wide profiling
[18]. Via a genome-wide investigation of the enhancer
distribution in colorectal cancer tissues, super-enhancer
loci were identified. Super-enhancers were found to gov-
ern PHF19 and TBC1D16 and participate in colorec-
tal cancer tumorigenesis. In addition, super-enhancer
was reported to play a role in glioma progression [19].
In glioma cells, TMEM44-AS1 activates Myc signaling,
and Myc binds to the super-enhancer of TMEM44-AS]1,
forming a positive feedback loop. Myc was reported to
interact with mediator complex subunit 1 and regulate
the super-enhancer of TMEM44-AS1 in glioma cells.
The small molecule Myc inhibitor, Myci975, can alleviate
glioma cell growth promoted by TMEM44-AS1. Super-
enhancer was also found to be involved in squamous
cell carcinoma [20]. Super-enhancers were reported to
form at cancer stemness genes and disruption of super-
enhancers using BET inhibitors was reported to inhibit
the self-renewal of cancer stem cells in head and neck
squamous cell carcinoma. Super-enhancer was reported
to control the expression of TP63, which is involved in
cancer stem cell self-renewal in head and neck squa-
mous cell carcinoma. BRD4 was reported to recruit
MED1 and p65 to form super-enhancers, and a BRD4
inhibitor was reported to disrupt super-enhancers and
decrease the tumorigenic potential of cancer stem cells
in head and neck squamous cell carcinoma. Furthermore,
super-enhancer is known to play a role in triple-negative
breast cancer [21]. The super-enhancer heterogeneity in
breast cancer subtypes was uncovered through multi-
omic profiling. Certain genes (including FOXC1, MET,
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and ANLN) were identified to be regulated specifically by
triple-negative breast cancer-specific super-enhancers. A
super-enhancer-driven master regulator of invasion and
metastasis was identified in triple-negative breast cancer.
In addition, super-enhancer is reported to be abnormally
activated and result in CHPT1 overexpression, which
leads to enzalutamide resistance in castration-resistant
prostate cancer [22].

In this study, we performed super-enhancer profiling
through ChIP-Seq analysis of AML cell lines and AML
samples, followed by functional analysis. We identified
200 common super-enhancer-associated genes in AML
samples, and a series of those genes are cancer genes. We
also found that GNE-987 treatment downregulates the
expression of super-enhancer-associated genes in AML
cells, including the expression of LYLI. Further func-
tional analysis indicated that LYL1 is required for AML
cell growth and survival. These findings provide novel
insights into the pathophysiology of AML and elucidate a
crucial role of LYL1 in promoting AML progression.

Materials and methods

Samples

This study was performed according to The Code of Eth-
ics of the World Medical Association (Declaration of
Helsinki). The ethics committee of Children’s Hospital of
Soochow University approved this study (No.SUEC2000—
021 & No.SUEC2011-037). Written informed consent
was obtained from each participating individual’s guard-
ian. A total of 11 pediatric AML bone marrow samples,
7T-ALL bone marrow samples, and 8 B-ALL bone mar-
row samples were collected, and H3K27ac signals were
detected by ChIP-Seq. The clinical characteristics of the
patients are shown in Table 1 and Supplementary Table 1.

Cell lines and culture

Human AML cell lines, including NB4, Kasumi-1, MV4—
11, and HL-60 were acquired from the cell bank of Chi-
nese Academy of Sciences. Cells were cultured at 37°C in
RPMI medium (Thermo Fisher Scientific) supplemented
with 1% penicillin—streptomycin (Beyotime Biotechnol-
ogy, Shanghai, China) and 10% fetal bovine serum (Bio-
logical Industries, CT, USA), in a humidified incubator
with 5% CO,,.

Cell viability assay

Leukemia cells were seeded in the 96-well plate and
GNE-987 was added at different concentrations. Control
group cells were treated with 0.05% dimethyl sulfoxide
(DMSO) without GNE-987 in complete medium. Cell
viability was determined by a Cell Counting kit-8 (CCK8)
assay (Dojindo Molecular Technologies, Tokyo, Japan)
according to the manufacturer’s instructions after 24 h of
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Table 1 Clinical characteristics of pediatric patients included in
ChiP-seq analysis

Pediatric patients

AMIL patients

Age (year) 8924312

Sex(Male/Female) 4/7

WBC (1019/L) 23.00(6.35-59.60)
T-ALL patients

Age (year) 7.7+3.83

Sex(Male/Female) 6/1

WBC (10A9/L) 227.77 (30.30-616.63)
B-ALL patients

Age (year) 5474340

Sex(Male/Female) 5/3

WBC (1019/L) 45.85 (10.10-137.00)

drug treatment. Each concentration was tested in three
independent experiments. Cell proliferation was quanti-
fied using Graph Prism 7.0 (GraphPad Software Inc., San
Diego, CA, USA).

Lentivirus preparation and infection

We constructed short hairpin RNA (shRNA) target-
ing LYLI (shown in Supplementary Table 2) using the
pLKO.1-puro lentiviral vector (IGE Biotechnology Ltd.,
Guangzhou, China). We also constructed PLVX-LYL1
(shown in Supplementary Table 2) in this study. To pre-
pare lentivirus, we purchased the envelope plasmid and
packaging plasmid from Addgene (pMD2.G: #12,259;
psPAX2:#12,260; Cambridge, MA, USA). Next we
cotransfected pMD2.G, psPAX2 and the transfer plas-
mid into 293FT cells by polyethylenimine (linear MW
25,000Da, 5mg/mL, pH7.0) (cat. No. 23966-1; Poly-
sciences, Warrington, PA, USA). Then we replaced the
entire volume of culture medium with fresh medium
after 6h. Next we harvested the viral supernatant at 48h
post-transfection and filtered it through a 0.22pm fil-
ter. Then we infected the leukemia cells with lentivirus
in the presence of 10ug/mL Polybrene (Sigma-Aldrich)
for 24'h. Next, we selected stable cells using puromycin
(Sigma-Aldrich).

RNA preparation and real-time PCR

We extracted total RNA with TRIzol® reagent (Invitro-
gen, CA, USA). Next we reverse transcribed total RNA
to cDNA with a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, CA, USA). Quantita-
tive real-time PCR was performed with LightCycler® 480
SYBR Green I Master mix (cat. No. 04707516001; Roche,
Penzberg, Germany) in a LightCycler 480 Real Time
System (Roche). Then, we calculated mRNA expression
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levels according to the Ct method, using glyceraldehyde
3-phosphate dehydrogenase (GAPDH) expression as the
internal reference. The primer sequences used in this
study are listed in Supplementary Table 3.

Western blotting analysis

Western blotting analysis was performed with primary
antibodies specific for: BRD2 (cat. No. 5848s; 1:1000;
Cell Signaling Technology, Boston, MA, USA), BRD3
(cat. No. 11859-1-AP; 1:1000; Proteintech, Chicago,
IL, USA), BRD4 (cat. No. 13440s; 1:1000; Cell Signal-
ing Technology), LYL1((C-4):sc-374,164; Santa Cruz
Biotechnology), and PARP (cat. No. 9542; 1:1000; Cell
Signaling Technology), with an antibody specific for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(cat. No. MA3374; 1:1000; Millipore) as a reference
protein. Peroxidase-conjugated Afniure goat anti-
rabbit IgG (H+L) (cat.111-035-003; 1:5000) and goat
anti-mouse IgG (H+L) (cat. No. 115-035-003; 1:5000)
secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA,
USA).

Apoptosis assay

We harvested leukemia cells and washed them with
cold PBS. Then, the cells were suspended in 1 x bind-
ing buffer, and stained with fuorescein isothiocyanate
(FITC)-Annexin V antibody and PI solution by the FITC-
Annexin V apoptosis kit (cat. No.556420; BD Biosciences,
Franklin Lakes, NJ, USA). Apoptosis was analyzed using
flow cytometry (Beckman Gallios™ Flow Cytometer;
Beckman).

RNA-seq analysis and data processing

RNA-seq was performed using protocols from Novo-
gene Bioinformatics Technology Co., Ltd. (Beijing,
China). Library construction was the first step, with
reverse transcription of total RNA to cDNA. Next, the
c¢DNA library was sequenced. We then filtered the raw
reads and mapped the clean reads using HISAT. Next we
calculated gene expression level and identified differen-
tially expressed genes with DESeq2 (P<0.05 and fold-
change>2 or fold-change<0.5). Differentially expressed
genes were further analyzed with the R package cluster-
Profiler [23] and the DAVID Bioinformatics Resources
v6.8 online server (https://david.ncifcrf.gov) for enrich-
ment analysis.
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Chromatin immunoprecipitation (ChIP)

We crosslinked 3—5x 107 cells with 1% formaldehyde for
10 minutes, and then quenched the crosslinking reaction
with 1.25M glycine at room temperature for 5minutes.
Fixed cells were then harvested, lysed, and sonicated
with the Bioruptor (Diagenode, Liége, Belgium). Soni-
cated chromatin was next incubated with an anti-his-
tone H3 (acetyl K27) antibody (cat. No. ab4729; Abcam,
Cambridge, UK) overnight at 4°C. DNA was eluted
and purified with a QIAquick PCR purification kit (cat.
No. 208106; Qiagen, Hilden, Germany). Samples were
sequenced using the BGISEQ 2000 platform (Beijing
Genomics Institute (Shenzhen, China)) and the NovaSeq
6000 platform (Novogene Bioinformatics Technology
Co., Ltd. Beijing, China). We aligned the raw ChIP-Seq
H3K27ac data to UCSC hg38 (the reference genome)
with Bowtie2 (v 2.3.5) [24], according to the alignment
parameters -p 4 -q -x. Peaks were then identified with
MACS2 (v2.0.9) [25], according to the parameters -g hs
-n test -B -q 0.01. Next we converted the bedgraph files
generated by MACS2 to bigwig files with the UCSC
bedGraphToBigWig tool, and then visualized the bigwig
files using Integrative Genomics Viewer (IGV) [26]. Then
we identified super-enhancers by the ROSE (Rank Order
of Super Enhancers) method [27, 28], according to the
parameters -s 12500 -t 2000 (—s, stitching distance; —t,
TSS exclusion zone size).

Public ChIP-Seq data collection and analysis

In the present study, the Cistrome database (http://
www.cistrome.org/) was used to search public ChIP-Seq
H3K27ac datasets for AML cell lines. The Cistrome data-
base was also used to search LYL1 ChIP-Seq datasets in
AML cell lines. Raw data from these public ChIP-Seq
datasets were downloaded and aligned to UCSC hg38 (the
reference genome) with Bowtie2 (v 2.3.5) [24], accord-
ing to the parameters -p 4 -q -x. Peaks were obtained
with MACS2 (v2.0.9) [25], according to the parameters
-g hs -n test -B -q 0.01.The bigwig files of these datasets
(GSE80779, GSE123872, GSE63484) [29-31] were next
visualized using Integrative Genomics Viewer (IGV) [26].

Public hi-C data collection and analysis
Hi-C data for THP-1 cell line (GSE126979) were down-
loaded from the Gene Expression Omnibus database.

(See figure on next page.)

Fig. 1 A-K Super-enhancer profiling in AML samples. Enhancers were ranked by increasing H3K27ac signal in 11 AML samples. Number of
super-enhancers identified in each AML sample is shown. Examples of genes commonly associated with super-enhancers in 210 AML samples
are shown. L RNAseq results of 9 AML samples suggested that the expression levels of the 200 super-enhancer-associated genes were significantly

higher than other genes
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Fig.2 A PCA was performed for 11 AML samples, 7T-ALL samples, 8 B-ALL samples, and 3 AML cell lines based on the H3K27ac signals identified
in each sample. Each circle represents a sample, and each color represents the type of sample. B Cluster analysis results of 11 AML samples, 7 T-ALL
samples, 8 B-ALL samples, and 3 AML cell lines based on the H3K27ac signals identified in each sample. C genes commonly associated with
super-enhancers in AML samples were subjected to gene ontology analysis. The significant categories are shown. D the ChIP-Seq gene tracks
represent the H3K27ac signal in AML cell lines (NB4, MV4-11,and THP1) and 11 AML samples at the MPO gene loci. The super-enhancers are shown
as green boxes. E the ChIP-Seq gene tracks represent the H3K27ac signal in AML cell lines (NB4, MV4-11,and THP1) and 11 AML samples at the SP/1
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Read mapping and loop calling were performed with
HiC-pro (v.3.1.0) [32]. For alignment, Mbol restriction
sites in the hg38 build were used. HiC-pro uses Bow-
tie2 for mapping and we specified —very-sensitive -L 30
--score-minL,-0.6,-0.2 --end-to-end —reorder for global
options and --very-sensitive -L 20 --score-minL,-0.6,-0.2
--end-to-end —reorder for local options. We used ‘GAT
CGATC’ as the ligation site during the mapping process.
The results of this analysis were visualized and graphed
using WashU tool (http://epigenomegateway.wustl.edu/
browser/).

Statistical analysis

Student’s t-test or the Mann-Whitney u test was used
for comparisons between two groups. Statistically sig-
nificant P values are labeled as follows: * for P<0.05,
** for P<0.01, and *** for P<0.001. Statistical analysis
was performed using GraphPad Prism 7.0 (GraphPad
Software, Inc., La Jolla, CA, USA).

Results

Super-enhancers are enriched at transcriptional regulatory
genes in AML samples and AML cells

To identify genes correlated with super-enhancers
in AML, we carried out H3K27ac ChIP-seq analy-
sis in 11 AML samples (Table 1 and Supplementary
Table 1). In this study NB4, MV4-11 and THP-1 cells
were also used as representative AML cell lines. For
these 3 AML cell lines, we carried out H3K27ac ChIP-
seq analysis in NB4 cell line, and also analyzed public
H3K27ac ChIP-seq datasets for MV4—11 and THP-1
cell lines (GSE80779 and GSE123872) [29, 30]. Addi-
tionally, we included 7 T-ALL samples and 8 B-ALL
samples, to compare the H3K27ac signals with those
in AML samples. Putative super-enhancers identified
in each of the 11 AML samples are shown in Fig. 1A-K
and Supplementary Table 4, with RNAseq results for
9 of the 11 AML samples shown in Fig. 1L. Putative
super-enhancers identified in the 7 T-ALL samples and
8 B-ALL samples are shown in Supplementary Tables 5
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and 6. The principal component analysis (PCA)
result and clustering result based on the peak signals
clearly distinguished AML samples from T-ALL or
B-ALL samples (Fig. 2A and B). Next, a total of 200
genes were selected which were commonly correlated
with super-enhancers in 210 AML samples (Supple-
mentary Table 7). Gene ontology enrichment analy-
sis suggested that these 200 genes were enriched in
regulation of transcription and regulation of myeloid
cell differentiation (Fig. 2C, Supplementary Table 8).
RNAseq results of 9 AML samples suggested that the
expression levels of the 200 super-enhancer-associated
genes were significantly higher than those of the other
genes (Fig. 1L, Supplementary Table 9). Our results
indicate that the genes commonly correlated with
super-enhancers in AML are generally involved in the
regulation of transcription.

Super-enhancers in AML are associated with the known
cancer genes

Among the 200 above-mentioned genes, a series of genes
have been determined to be involved in cancers. For
instance, super-enhancers were present at the MPO gene
locus in 10 AML samples and 3 AML cell lines (NB4,
MV4-11, and THP-1) (Fig. 2D). Similarly, we found super-
enhancers at the SPI1 locus in 11 AML samples and 3 AML
cell lines (NB4, MV4-11, and THP-1) (Fig. 2E). Addition-
ally, super-enhancers were observed at the ZFP36L2 gene
locus in all AML samples (Fig. 2F). Compared to T-ALL
or B-ALL, super-enhancers associated with MPO were
observed to be AML specific, while super-enhancers asso-
ciated with ZFP36L2 were common to all three hematolog-
ical diseases (AML, T-ALL, and B-ALL) (Supplementary
Figs. 1 and 2). In addition, compared to T-ALL, super-
enhancers associated with SPII were found to be AML
and B-ALL specific (Supplementary Fig. 3). According to
these findings, these gene loci are particularly activated in
AML. Although the sample size of this cohort was small,
our results indicate that super-enhancers are correlated
with cancer genes and lead to abnormal activation of those
genes during AML progression.

(See figure on next page.)

Fig. 3 GNE-987 restained the proliferation of AML cell lines. A drug sensitivity assay of NB4, Kasumi-1, HL-60, and MV4-11 cell lines after treatment
with gradient concentrations of GEN987 for 24 h. B GNE-987 blocked cell cycle of AML cells. Cell cycle of NB4, Kasumi-1, HL-60, and MV4-11 cell
lines were analyzed after treatment with DMSO or GNE-987 for 24 h. AML cells were distributed in G1/S phase and the cell population in G1 phase
increased dramatically after treatment with GNE-987. C Annexin V and Pl-labeled cell apoptosis of NB4 cell line analyzed by flow cytometry after
DMSO or GNE-987 treatment for 24 h. The apoptotic rates of NB4 cell line were significantly increased after GNE-987 treatment. D Annexin V

and Pl-labeled cell apoptosis of Kasumi-1 cell line analyzed by flow cytometry after DMSO or GNE-987 treatment for 24 h. The apoptotic rates of
Kasumi-1 cell line were significantly increased after GNE-987 treatment. E Annexin V and Pl-labeled cell apoptosis of HL-60 cell line analyzed by flow
cytometry after DMSO or GNE-987 treatment for 24 h. The apoptotic rates of HL-60 cell line were significantly increased after GNE-987 treatment. F
Annexin V and Pl-labeled cell apoptosis of MV4-11 cell line analyzed by flow cytometry after DMSO or GNE-987 treatment for 24 h. The apoptotic
rates of MV4-11 cell line were significantly increased after GNE-987 treatment. G GNE-987 evicts BET protein expression in AML cells. Western
blotting analysis showed that GNE-987 induced BET proteins degradation in NB4, Kasumi-1, HL-60, and MV4-11 cell lines. PARP was increased in
NB4, Kasumi-1, HL-60, and MV4-11 cell lines with GNE-987 concentration-dependent manner
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analysis results of all DEGs. € Venn diagram of genes associated with super-enhancers and sensitive to GNE-987 in AML cells. D Super-enhancer
status at 20 gene lociin 11 AML samples and NB4 cells (left and middle). Super-enhancers are shown in red. A heatmap represents the relative
expression levels of the 20 genes after GNE-987 treatment in NB4 cells (right). E gRT-PCR results of 16 super-enhancer-associated genes in NB4 cell
line treated with GNE-987

The BRD4 inhibitor GNE-987 inhibits AML cell growth
To evaluate the dependence of AML cell growth on tran-
scriptional activation, we next examined the effect of the

BRD4 inhibitor GNE-987 on AML cells. We chose four
AML cell lines, NB4, Kasuma-1, HL-60, and MV4-11.
In this analysis, all the four AML cell lines showed high
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sensitivity to GNE-987, with 50% inhibitory concentrations
of less than 50nM (Fig. 3A). Cell cycle analysis indicated
that GNE-987 treatment led to cell-cycle arrest in G1 phase
(Fig. 3B). Of note, apoptosis rates of AML cells were signifi-
cantly increased after GNE-987 treatment (Fig. 3C, D, E, F).
Western blotting analysis also showed PARP cleavage after
GNE-987 treatment in the four AML cell lines (Fig. 3G),
indicating that GNE-987 induced apoptotic cell death.
These results indicated that GNE-987 treatment predomi-
nantly inhibits the growth of AML cells.

GNE-987 treatment inhibits the expression

of super-enhancer-associated genes in AML cells

We next carried out RNAseq to obtain gene expression
profiles after GNE-987 treatment in NB4 cells. A total of
11,834 genes were identified to be differentially expressed
between the control group and the GNE-987-treated group
(Fig. 4A, Supplementary Table 10). Through gene ontol-
ogy enrichment analysis, these 11,834 genes were found
to be enriched in ribonucleoprotein complex biogen-
esis (Fig. 4B). Notably, the expression levels of the super-
enhancer-associated genes HEMGN, LYLI, ANKRD13D,
RREBI, NACC1, ZEB2, SCYL1, ASNA1, TNRCI8, GSEI,
TRMTI1, SLC39A13, ZFP36L2, FRMDS, PTMA, SPEN
and PAF1 were significantly downregulated after GNE-
987 treatment based on the RNAseq restuls (Fig. 4C,D).
qRT-PCR validation further showed that these genes
were downregulated in NB4 cells treated with GNE-987
(Fig. 4E). These findings suggest that GNE-987 efficiently
downregulates the expression of super-enhancer-associ-
ated genes in AML cells.

Selection of candidate cancer genes in AML

by super-enhancer and gene expression profile

Our ChIP-seq results suggested that many genes involved
in AML pathogenesis are correlated with super-enhanc-
ers. The expression of these genes was significantly
inhibited by GNE-987 treatment. Therefore, we next
combined super-enhancer profiling with gene expres-
sion profiling to identify critical cancer genes implicated
in AML pathogenesis. We focused on the 200 genes
that were associated with super-enhancers in 2 10 AML
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samples (Fig. 4C; Supplemental Table 7). Additionally, we
performed H3K27ac ChIP-Seq after GNE-987 treatment
in NB4 cells, and performed filtering to identify genes
that also harbor super-enhancers in NB4 cells (Fig. 4C,
Supplementary Table 11). We next performed filtering
to identify genes that were also significantly downregu-
lated after GNE-987 treatment (P value <0.05, log2 fold
change <—1) in NB4 cells (Fig. 4C). Filtering according
to the above stringent criteria narrowed down the list of
candidates to 20 genes (Fig. 4C, D).

LYL1 is required for AML cell growth and survival

Among those 20 genes, LYLI was associated with super-
enhancers in 10 AML samples (Figs. 4D and 5A). The
results of Hi-C data also represent interaction between
super-enhancer and LYLI in THP-1 cell line. Super-
enhancers associated with LYLI were common to all
three hematological diseases (AML, T-ALL, and B-ALL)
(Supplementary Fig. 4). The public BRD4 ChIP-Seq data
for the AML cell line MV4-11 (GSE101821) showed
that the gene region of LYLI had strong signals (Fig. 5B,
track 1), and BRD4 was found to function cooperatively
with CEBPE and RUNXI1 (Supplementary Fig. 5), sug-
gesting a potential role for BRD4 in the transcriptional
regulation of LYLI in AML. LYL1 also harbored super-
enhancer in NB4 cells, and the H3K27ac signal was sig-
nificantly decreased in the LYL1 gene region in NB4 cells
treated with GNE-987 (Figs. 4D and 5B (tracks 2-3)). In
fact, LYL1 expression was significantly downregulated by
GNE-987 treatment in both the NB4 and Kasumi-1 cell
lines (Fig. 5B (tracks 4-7), 5C, 5D, 5E, 5F). We compared
the expression pattern of LYLI between AML cases and
healthy controls based on a public transcriptomic dataset
(GSE114868) [33] and found that LYLI was significantly
overexpressed in AML samples (Fig. 5G). Knockdown of
LYL1 demonstrated that loss of LYL1 significantly inhib-
ited the growth of NB4 and Kasumi-1 cell lines (Fig. 6A,
B, C). Consistently with this finding, the apoptosis rates
of NB4 and Kasumi-1 cells were significantly increased
after LYL1 knockdown (Fig. 6D, E). Cell viability experi-
ment further showed that cell growth was not signifi-
cantly influenced by GNE-987 (treated for 24h) in LYLI

(See figure on next page.)

Fig. 5 A The Hi-C data analysis of super-enhancer regions and promoter of LYL7 in THP-1 cell line (track 1) represents interaction at the LYLT gene
loci, and the ChiIP-seq gene tracks (track 2-15) represent the H3K27ac signal in AML cell lines (NB4, MV4-11, and THP1) and 11 AML samples at the
LYLT gene loci. The super-enhancers are shown as green boxes. B The public BRD4 ChiP-Seq data of AML cell line MV4-11 (GSE101821) showed that
the gene region of LYL1 had coincident signals (track 1). The ChIP-seq gene tracks represent the H3K27ac signal in NB4 cells (track 2) and NB4 cells
treated with GNE-987 (25nM, 24 h) (track 3) at the LYLT gene loci. The reads signal of RNA-Seq in NB4 cells (track 4-5) and NB4 cells treated with
GNE-987 (25nM, 24 h) (track 6-7) at the LYLT gene loci. C Western blotting showed that LYL1 level was significantly decreased in NB4 cells treated
with GNE-987 (0, 1, 2, 6, 12nM, 24 h). D Western blotting showed that LYL1 level was significantly decreased in Kasumi-1 cells treated with GNE-987
(0,1,2,6,12nM, 24 h). E gPCR showed that LYL T was significantly downregulated in NB4 cells treated with GNE-987 (0, 1, 2, 6, 12nM, 24 h). F gPCR
showed that LYLT was significantly downregulated in Kasumi-1 cells treated with GNE-987 (0, 1, 2, 6, 12nM, 24 h). G expression pattern of LYL]
between AML patients and healthy controls in public transcriptomic dataset (GSE114868)
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over-expressed AML cells, compared to LYLI non-over-
expressed AML cells (Fig. 6F), suggesting that the effect
of GNE-987 on AML cell growth depends in part on
LYLI.

We next assessed the binding pattern of LYL1 across
genomic regions in three public ChIP-Seq datasets (for
the NB4, HL-60 and Kasumi-1 cell line respectively,
GSE63484) [31] and found that LYL1 functions coop-
eratively with Elf4, RUNX2, CEBPD, TEAD3, GATA2,
and Twist2 (Fig. 7A, B, C). Importantly, LYL1 was found
to bind to the promoter region of 386 genes in all three
AML cell lines (NB4, HL-60, and Kasumi-1) (Fig. 7D,
Supplementary Table 12). qRT-PCR validation further
showed that these genes were significantly downregu-
lated in NB4 cells in response to LYLI silencing (Fig. 7E).
Together, these results suggest that LYLI is required for
the growth and survival of human AML cells.

Discussion

AML is an aggressive neoplasm and its prognosis is poor
[8]. AML is complex, and exploring its pathogenic mech-
anisms will help improve the current state of AML treat-
ment [5-8]. Multiple hub genes have been identified in
AML. RUNX1 dysfunction is a major pathogenic mecha-
nism of AML [9]. MPO is a marker for AML diagnosis
and prognosis [11]. CDK6 is another key molecule in
AML development [12].

Super-enhancers are attracting the attention of many
researchers at present. Super-enhancers recruit a par-
ticularly large number of transcription factors/cofactors
and induce the transcription of many target genes, com-
pared with typical enhancers. Super-enhancers have been
reported to be frequently associated with cancer genes
[28, 34-36]. Super-enhancer promotes the growth and
survival of t(4;14)-positive multiple myeloma [16]. Super-
enhancer was found to activate the Wnt/beta-catenin
pathway and promotes the proliferation of liver cancer
cells [17]. Oncogenic super-enhancers were also identi-
fied in colorectal cancer through genome-wide profiling
[18]. In addition, super-enhancer was reported to play a
role in glioma progression [19]. Super-enhancer was also
found to be involved in squamous cell carcinoma [20].
Furthermore, super-enhancer is known to play a role in
triple-negative breast cancer [21]. In addition, super-
enhancer has been reported to be abnormally activated
and result in CHPT1 overexpression, which leads to
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enzalutamide resistance in castration-resistant prostate
cancer [22]. To date, the biological significance of super-
enhancers in AML remains unclear, and it is useful to
identify critical super-enhancers and associated genes
that are required for the development of AML.

In our study, we found super-enhancers at 200 gene loci
in 2 10 AML samples. These genes are required for AML
progression. Strikingly, we identified super-enhancers at
the LYLI gene locus in 10 AML samples. We also found
that GNE-987 treatment downregulates the expression of
super-enhancer-associated genes in AML cells, includ-
ing the expression of LYLI. Further functional analysis
indicated that LYL1 is required for AML cell growth and
survival. These results elucidated a crucial role of LYLI
in promoting AML progression. The ChIP-Seq results in
AML cell lines differed from those in AML patient sam-
ples in this study, and further ChIP-Seq analysis of AML
cell lines is necessary to confirm this discrepancy.

LYL1 was identified to function in clear cell renal cell car-
cinoma [37]. It was reported to have strong association with
immune infiltrations in clear cell renal cell carcinoma. Copy
number amplification of LYL1 was reported in gliosarcoma
based on a comparison at the molecular level between
gliosarcoma patients and glioblastoma patients [38]. LYLI
expression also showed differences between osteosarcoma
and control samples, and the expression of LYLI was sig-
nificantly decreased in osteosarcoma cell lines compared to
normal cells [39]. LYLI gene amplification was also deter-
mined to be involved in the development of uterine corpus
endometrial carcinoma, and LYL1 gene amplification was
reported to be a risk factor for poor prognosis in patients
with uterine corpus endometrial carcinoma according to
a study of 370 patients with uterine corpus endometrial
carcinoma [40]. LYLI is able to maintain primitive eryth-
ropoiesis, and it was reported to bind to a subset of stem
cell leukemia (SCL) targets according to ChIP-seq analysis
in a human erythroleukemia cell line [41]. LYLI functions
in platelet production in mice [42]. It regulates GATA1
expression and functions cooperatively with SCL in plate-
let production. It has been reported that the expression of
LYL1I is higher in AML than in normal bone marrow, and
LYLI was found to be overexpressed in myelodysplastic
syndrome compared with normal bone marrow [43]. LYL1
is a member of a heptad of transcription factors that play
roles in human CD34+ haematopoietic stem and progeni-
tor cells (HSPCs), and LYL1 has prognostic significance in

(See figure on next page.)

Fig. 6 A Knockdown efficiency of LYLT was evaluated in NB4 cell line and Kasumi-1 cell line by western blotting. B Knockdown efficiency of LYL1
was evaluated in NB4 cell line and Kasumi-1 cell line by gPCR. C Knockdown of LYLT significantly inhibited the proliferation rates of NB4 cells and
Kasumi-1 cells. D Flow cytometry showed that knockdown of LYLT increased the apoptotic rates of NB4 cells. E Flow cytometry showed that
knockdown of LYLT increased the apoptotic rates of Kasumi-1 cells. F Cell viability experiment further showed that cell growth was not significantly
influenced by GNE-987 (treated for 24 h) in LYLT over-expressed AML cells, compared to LYLT non-overexpressed AML cells




Fang et al. J Exp Clin Cancer Res (2022) 41:225

Page 13 of 16

h mm sh-NC mm sh-NC
= sh-LYL1#1 =3 sh-LYL1#1
1.2+ m sh-LYL1#2 1.2+ mm sh-LYL1#2
% ] - #
g, 1.0 m sh-LYL1#3 %1'0- mm sh-LYL1#3
LYL1 £ g8 5 0.8
o *k ey
S 0.6+ o 0.6
PARP Sl 2 0.4
E XKk "!
S 0.2 S 0.2 sk
GAPDH 0.0~
Kasumi-1 NB4 Kasumi-1
> 4 5 > 61 -2 sh-NC
£ o= St = o sh-LYL1#1
T 3 SheEiL Tt K > sh-LyL1#2
= 'y e e =4 4 - - sh-LYL1#3
g 2 - sh-LYL1#3 g
g ;%) 2] /I/
E " o 4]
[} [0}
£ o S
01 2 3 4 5 6 7 Days 01 2 3 4 5 6 7 Days
NB4 Kasumi-1
sh-LYL1#1 m sh-NC
i vee B sh-LYLT#1
g, = sh-LYL1#2
i B . = sh-LYL1#3
H
g 3
23 _
) ,
Annexin V Annexin V Annexin V Annexin V
E
Kasumi-1
sh-LYL1#1 sh-LYL1#2 sh-LYL1#3 o e
o sh-LYL1#1
g o sh-LYL1#2
Pl ol 3 m sh-LYL1#3
i
%
Annexin V Annexin V Annexin V. Annexin V
DMSO i = W e DMSO ¥ = % ¥ DMSO * = + " DMSO e - b -
GNE-987 - *+ - + GNE-987 - * - + GNE-987 - * B * GNE-987 - p & i
NN NN
60 nmol o A\;\—b;\ 10 nmol éoéoé\'é\' 60 nmoleo < é\;\ é\"\ 10 nmol R é\' é\'
2 NV v D AN ANV > b R 2 2 2 R h
SF S\' Ruttu S\_S\_A_\_S\' & KUl ¥ \;\' \;\'
QYRR QIR R Q]
. 150 = 150 *
LYL1 LYL1 :\o\ ;\;;
=100 =100
8 8
N 2 50 2 50
GAPDH GAPDH © 8
el I g
NB4 Kasumi-1 NB4 Kasumi-1
Fig. 6 (See legend on previous page.)




Fang et al. J Exp Clin Cancer Res (2022) 41:225 Page 14 of 16

A NB4 HL-60 Kasumi-1

@3'UTR
M Distal Intergenic

@ Downstream

o
&
o

-3.0 TSS TES3.0kb -3.0 TSS TES 3.0kl -3.0 TSSTES 3.0k

20

30
g A T A AT (CEBPD/MA0836.2/Jaspar(0.906)
g C E
15 3 2 CAET;E saq [1:247€+03

15 TEAD3(TEA)/HepG2-TEAD3-ChIP-

: AL.AAL_AAI 1 [asisestopeatneadeiioment0.10T)
10
= 1e- (GATA2/MA0036.3/Jaspar(0.984)
C. | I ATC I x 349 [8:047€+02

5 Twist2(bHLH)/Myoblast-Twist2.Ty1-

5 AC € Te- ChiP-Seq(GSE127998)/Homer(0.988)
3 -8.017e+02 )
zé‘éCATQT_ T pe

L - o
30 TSSTES 30kb 0 3.0 TSSTES 3.0kb 3.0 TSSTES3.0kb
gene distance (bp) gene distance (bp) gene distance (bp)

@ Exon
35 40 @ Intron
Promoter
NB4 HL-60 Kasumi-1 @O5'UTR
30 35
30 C Motif P'I log ,P‘ Best Match/Details
58 valuelp
EIf4(ETS)/BMDM-EIf4-ChiP-
" QACé Ag I 1e | 1 75304 03/Seq(GSEBBE99)/ Homer(0.956)
25 SEERESH IOV 761
[} (2] 172
qc, q:) 20 GC) : TCTAACQ CA s RUNX2/MA0511.2/)aspar(0.951)
@ H B -1.692+03
G > > § S2Cx0VWVAV G

R

0

D E mm sh-NC
- Kasumi-1
- mm sh-LYL1#3
12
431 g3 1231 810
S 1.
> £ 08
SN ke
98 290 806
: 204
kS
246 e 02
0.0 >
NP P @&90 & & O @
NB4

Fig. 7 A Heatmaps generated from ChIP-Seq data analyses showed the occupancy of LYL1 in NB4, HL-60, and Kasumi-1 cell lines. B distribution
of LYL1 binding to genomic regions in the human AML cell line NB4, HL-60, and Kasumi-1 as assessed by ChIP-Seq. Peak annotation of LYL1 is
summarized in a pie chart format. C Motif enrichment analysis of the 5264 specific LYLT peaks in NB4 cells. D Venn diagram of common genes
bound by LYL1 at its promoter regions in AML cell line NB4, HL-60, and Kasumi-1. E gRT-PCR results of 11 genes in NB4 cell line when silencing LYLT

AML [44]. In this study, LYL1 was found to be associated = Conclusion

with super-enhancers in 10 AML samples, suggesting that  In summary, we identified 200 common super-enhancer-
aberrant expression of LYLI triggered by super-enhanc-  associated genes in AML samples, and a series of those
ers probably plays a role in AML development. It has also  genes are cancer genes. We also found that GNE-987
been reported that transcriptional regulation can be both  treatment downregulates the expression of super-
BRD4-dependent and BRD4-independent [45]; therefore  enhancer-associated genes in AML cells, including the
the expression of LYLI might be regulated in both BRD4-  expression of LYLI. Further functional analysis indicated
dependent and BRD4-independent manners. To our that LYLI is required for AML cell growth and survival.
knowledge, there is no reported enhancer regulation of These findings promote the understanding of AML
LYL1I to date, and whether the expression of LYL1 is also  pathophysiology and elucidate an important role of LYLI
regulated by the BRD4-independent enhancer needs to be  in AML progression.

explored in future studies.



Fang et al. J Exp Clin Cancer Res (2022) 41:225

Abbreviations

AML: Acute myeloid leukemia; ChIP: Chromatin immunoprecipitation; LYL1:
LYL1 basic helix-loop-helix family member; BM: Bone marrow; SE: Super-
enhancer; TE: Typical enhancer.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513046-022-02428-9.

Additional file 1: Supplementary Table 1. Treatment and outcome of 11
pediatric AML patients included in ChIP-seq analysis.

Additional file 2: Supplementary Table 2. shRNAs used to knockdown
LYLT and PLVX-LYLT used to over-express LYLT.

Additional file 3: Supplementary Table 3. Primers used for gRT-PCR
analyses.

Additional file 4: Supplementary Table 4. Super-enhancers identified in
each of the 11 AML samples.

Additional file 5: Supplementary Table 5. Super-enhancers identified in
each of the 7T-ALL samples.

Additional file 6: Supplementary Table 6. Super-enhancers identified in
each of the 8 B-ALL samples.

Additional file 7: Supplementary Table 7. 200 hundred genes which
harbor super-enhancers in 2 10 AML samples.

Additional file 8: Supplementary Table 8. Gene ontology enrichment
analysis results of the 200 genes which were commonly associated with
super-enhancers in 210 AML samples.

Additional file 9: Supplementary Table 9. FPKM values from RNAseq
results of 9 AML samples.

Additional file 10: Supplementary Table 10. 11,834 genes identified
to be differentially expressed between the control and GNE-987-treated
NB4 cells.

Additional file 11: Supplementary Table 11. Super-enhancer-associated
genes in NB4 cells and in NB4 cells treated with GNE-987.

Additional file 12: Supplementary Table 12. Genes bound by LYL1 at its
promoter regions in AML cell line NB4, HL-60, and Kasumi-1.

Additional file 13: Supplementary Figure 1. Compared to T-ALL or
B-ALL, super-enhancers associated with MPO are observed to be AML
specific.

Additional file 14: Supplementary Figure 2. Super-enhancers associ-
ated with ZFP36L2 are common to all three hematological diseases (AML,
T-ALL, and B-ALL).

Additional file 15: Supplementary Figure 3. Compared to T-ALL, super-
enhancers associated with SP/7 are found to be AML and B-ALL specific.

Additional file 16: Supplementary Figure 4. Super-enhancers associ-
ated with LYLT are common to all three hematological diseases (AML,
T-ALL, and B-ALL).

Additional file 17: Supplementary Figure 5. The public BRD4 ChIP-Seq
data of AML cell line MV4-11 (GSE101821) showed that BRD4 functions
with CEBPE and RUNX1.

Acknowledgements
We would like to thank the department of Hematology, Children’s Hospital of
Soochow University, for the support in this study.

Authors’ contributions

Shao-Yan Hu and Jian Pan designed and directed the study; Fang Fang, Jun Lu,
Xu Sang and Yan-Fang Tao performed most of the experiments, analyzed the
data, and wrote the paper; Zi-Mu Zhang, Yong-Ping Zhang, Yi Xie and Shui-Yan
Wu helped with statistical analysis; Jian-Wei Wang, Xiao-Lu Li and Yan-Ling
Chen performed part of the experiments; Juan-Juan Yu, Si-Qi Jia, Chen-xi Feng,
Xin-Ran Chu performed lentivirus preparation and transfection; Geng Li, Di Wu

Page 150f 16

and Yuan-Yuan Tian participated in western blotting, PCR, and in vitro experi-
ments; Zhi-Heng Li participated in plasmid construction. All authors read and
approved the final manuscript.

Funding

This work was supported by grants from the National Natural Science
Foundation (81971867, 81970163, 81802499, 81872845, 81902534, 82072767,
52003183); Natural Science Foundation of Jiangsu Province (BK20180206,
BK20180207, SBK2019021442, BK20190185, BK20190186, BK20191175); the
Universities Natural Science Foundation of Jiangsu Province (No.16KJB310014);
Jiangsu province’s science and technology support program (Social Develop-
ment) project (BE2021657, BE2021654); Jiangsu Province Key R&D Program
(Social Development) Projects (BE2020659); Department of Pediatrics Clinical
Center of Suzhou (Szzx201504); Gusu Health Talents program of Soochow
city (2020-104); the Applied Foundational Research of Medical and Health
Care of Suzhou City (SYS2018075, SYS2018074, SYS2019080, SYS2019082,
SYS2019078, SYS2020150, SYS2020151, GSWS2020039, GSWS2021028); the
Science and Technology Development Project of Suzhou City (SKJY2021111);
the Science and Technology Project of Soochow (SS201709, SS2019064); Out-
standing Youth Foundation oflJiangsu Province (BK20220047).

Availability of data and materials

The data used and/or analyzed during the current study are available from
the corresponding author on reasonable request (GSE188605, GSE188750,
GSE188891, GSE190775).

Declarations

Ethics approval and consent to participate

This study was carried out in accordance with The Code of Ethics of the World
Medical Association (Declaration of Helsinki) and was approved by the ethics
committee of Children’s Hospital of Soochow University (No.SUEC2000-021

& No.SUEC2011-037). Written informed consent was obtained from each
participating individual’s guardian.

Consent for publication
The consents for publication from all authors were obtained.

Competing interests
The authors declare that they have no conflicts of interest.

Author details

'Institute of Pediatric Research, Children’s Hospital of Soochow University,
N0.92 Zhongnan Street, SIP, Suzhou 215003, China. 2Department of Hematol-
ogy, Children’s Hospital of Soochow University, No.92 Zhongnan Street, SIP,
Suzhou 215003, Jiangsu, China. *Department of Pediatrics, The First Affiliated
Hospital of Bengbu Medical College, Bengbu 233004, China. *Intensive Care
Unit, Children’s Hospital of Soochow University, Suzhou 215003, China.

Received: 1 April 2022 Accepted: 1 July 2022
Published online: 16 July 2022

References

1. Dohner H, Weisdorf DJ, Bloomfield CD. Acute Myeloid Leukemia. N Engl J
Med. 2015;373(12):1136-52.

2. Récher C. Clinical implications of inflammation in acute myeloid leuke-
mia. Front Oncol. 2021;11:623952.

3. Pasquer H, Tostain M, Kaci N, Roux B, Benajiba L. Descriptive and func-
tional genomics in acute myeloid leukemia (AML): paving the road for a
cure. Cancers (Basel). 2021;13(4):748.

4. Visser O, Trama A, Maynadié M, Stiller C, Marcos-Gragera R, De Angelis
R, et al. Incidence, survival and prevalence of myeloid malignancies in
Europe. Eur J Cancer. 2012;48(17):3257-66.

5. Kantarjian H. Acute myeloid leukemia—major progress over four decades
and glimpses into the future. Am J Hematol. 2016;91:131-45.

6. Short NJ, Rytting ME, Cortes JE. Acute myeloid leukaemia. Lancet.
2018;392:593-606.


https://doi.org/10.1186/s13046-022-02428-9
https://doi.org/10.1186/s13046-022-02428-9

Fang et al. J Exp Clin Cancer Res

20.

21

22.

23.

24.
25.
26.

27.

28.

29.

30.

31

(2022) 41:225

Kadia TM, Ravandi F, Cortes J, Kantarjian H. Toward individualized therapy
in acute myeloid leukemia: a contemporary review. JAMA Oncol.
2015;1:820-8.

Doucette K, Karp J, Lai C. Advances in therapeutic options for

newly diagnosed, high-risk AML patients. Ther Adv Hematol.
2021;12:20406207211001138.

Harada Y, Harada H. Molecular pathways mediating MDS/AML with focus
on AML1/RUNX1 point mutations. J Cell Physiol. 2009;220(1):16-20.
Olofsen PA, Touw IP. RUNX1T mutations in the leukemic progression of
severe congenital neutropenia. Mol Cell. 2020;43(2):139-44.

. Itonaga H, Imanishi D, Wong YF, Sato S, Ando K, Sawayama Y, et al. Expres-

sion of myeloperoxidase in acute myeloid leukemia blasts mirrors the
distinct DNA methylation pattern involving the downregulation of DNA
methyltransferase DNMT3B. Leukemia. 2014;28(7):1459-66.

Uras 1Z, Sexl V, Kollmann K. CDK6 inhibition: a novel approach in AML
management. Int J Mol Sci. 2020;21(7):2528.

Bolouri H, Farrar JE, Triche T Jr, et al. The molecular landscape of pediatric
acute myeloid leukemia reveals recurrent structural alterations and age-
specific mutational interactions. Nat Med. 2018;24(1):103-12.
Chaudhury S, O'Connor C, Cafete A, et al. Age-specific biological and
molecular profiling distinguishes paediatric from adult acute myeloid
leukaemias. Nat Commun. 2018:9(1):5280.

Chapuy B, McKeown MR, Lin CY, et al. Discovery and characterization

of super-enhancer-associated dependencies in diffuse large B cell lym-
phoma. Cancer Cell. 2013;24(6):777-90.

Jia Y, Zhou J, Tan TK, Chung TH, Chen YX, Chooi JY, et al. Super enhancer-
mediated upregulation of HJURP promotes growth and survival of
(4;14)-positive multiple myeloma. Cancer Res. 2022;82(3):406-18 2021¢
10:canres.0921.2021.

Liang W, Shi C, Hong W, Li P, Zhou X, Fu W, et al. Super-enhancer-driven
INcRNA-DAW promotes liver cancer cell proliferation through activation
of Wnt/beta-catenin pathway. Mol Ther Nucleic Acids. 2021;26:1351-63.
LiQL, Lin X, Yu'YL, Chen L, Hu QX, Chen M, et al. Genome-wide profiling
in colorectal cancer identifies PHF19 and TBC1D16 as oncogenic super
enhancers. Nat Commun. 2021;12(1):6407.

Bian E, Chen X, Cheng L, Cheng M, Chen Z, Yue X, et al. Super-enhancer-
associated TMEM44-AS1 aggravated glioma progression by forming a
positive feedback loop with Myc. J Exp Clin Cancer Res. 2021;40(1):337.
Dong J, Li J, LiY,Ma Z,Yu Y, Wang CY. Transcriptional super-enhancers
control cancer stemness and metastasis genes in squamous cell carci-
noma. Nat Commun. 2021;12(1):3974.

Huang H, Hu J, Maryam A, Huang Q, Zhang Y, Ramakrishnan S, et al.
Defining super-enhancer landscape in triple-negative breast cancer by
multiomic profiling. Nat Commun. 2021;12(1):2242.

Wen S, He Y, Wang L, Zhang J, Quan C, Niu Y, et al. Aberrant activation

of super enhancer and choline metabolism drive antiandrogen therapy
resistance in prostate cancer. Oncogene. 2020;39(42):6556-71.

Yu G, Wang L, Han Y, He Q. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS: a journal of. Integr Biol.
2012;16(5):284-7.

Langmead B, Salzberg S. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9:357-9.

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al.
Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008;9:R137.
Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz
G, et al. Integrative genomics viewer. Nat Biotechnol. 2011;29(1):24-6.
Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al.
Tong Ihn Lee and Richard a. young. Master transcription factors and
mediator establish super-enhancers at key cell identity genes. Cell.
2013;153:307-19.

Lovén J, Hoke HA, Lin CY, et al. Selective inhibition of tumor oncogenes
by disruption of super-enhancers. Cell. 2013;153(2):320-34.

Wan L, Wen H, LiY, Lyu J, et al. ENL links histone acetylation to
oncogenic gene expression in acute myeloid leukaemia. Nature.
2017,543(7644):265-9.

Mohaghegh N, Bray D, Keenan J, Penvose A, et al. NextPBM: a platform to
study cell-specific transcription factor binding and cooperativity. Nucleic
Acids Res. 2019;47(6):e31.

Chen M, Zhu N, Liu X, Laurent B, et al. IMJD1C is required for the survival
of acute myeloid leukemia by functioning as a coactivator for key tran-
scription factors. Genes Dev. 2015;29(20):2123-39.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Page 16 of 16

Servant N, Varoquaux N, Lajoie BR, Viara E, Chen CJ, Vert JP, et al. HiC-pro:
an optimized and flexible pipeline for hi-C data processing. Genome Biol.
2015;16:259.

Huang HH, Chen FY, Chou WC, Hou HA, et al. Long non-coding RNA
HOXB-AS3 promotes myeloid cell proliferation and its higher expression
is an adverse prognostic marker in patients with acute myeloid leukemia
and myelodysplastic syndrome. BMC Cancer. 2019;19(1):617.

Hnisz D, Abraham BJ, Lee Tl, et al. Super-enhancers in the control of cell
identity and disease. Cell. 2013;155(4):934-47.

Kwiatkowski N, Zhang T, Rahl PB, et al. Targeting transcription regulation
in cancer with a covalent CDK7 inhibitor. Nature. 2014,511(7511):616-20.
Chipumuro E, Marco E, Christensen CL, et al. CDK7 inhibition suppresses
super-enhancer-linked oncogenic transcription in MYCN-driven cancer.
Cell. 2014;159(5):1126-39.

Peng Y, Dong S, Song Y, Hou D, Wang L, Li B, et al. Key sunitinib-related
biomarkers for renal cell carcinoma. Cancer Med. 2021. https://doi.org/10.
1002/cam4.4206.

Dardis C, Donner D, Sanai N, Xiu J, Mittal S, Michelhaugh SK, et al.
Gliosarcoma vs. glioblastoma: a retrospective case series using molecular
profiling. BMC Neurol. 2021;21(1):231.

ZhaoY,Wang Z,Wang Q, Sun L, Li M, Ren C, et al. Overexpression of FES
might inhibit cell proliferation, migration, and invasion of osteosarcoma
cells. Cancer Cell Int. 2020;20:102.

Kim SI, Lee JW, Lee N, Lee M, Kim HS, Chung HH, et al. LYL1 gene ampli-
fication predicts poor survival of patients with uterine corpus endome-
trial carcinoma: analysis of the Cancer genome atlas data. BMC Cancer.
2018;18(1):494.

Chiu SK, Saw J, Huang Y, Sonderegger SE, Wong NC, Powell DR,

et al. A novel role for Lyl1 in primitive erythropoiesis. Development.
2018;145(19):dev162990.

Chiu SK, Orive SL, Moon MJ, Saw J, Ellis S, Kile BT, et al. Shared roles

for Scl and Lyl1 in murine platelet production and function. Blood.
2019;134(10):826-35.

Meng YS, Khoury H, Dick JE, Minden MD. Oncogenic potential of the
transcription factor LYL1 in acute myeloblastic leukemia. Leukemia.
2005;19(11):1941-7.

. Thoms JAI, Truong P, Subramanian S, Knezevic K, Harvey G, Huang

Y, et al. Disruption of a GATA2, TAL1, ERG regulatory circuit pro-

motes erythroid transition in healthy and leukemic stem cells. Blood.
2021:blood.2020009707. https://doi.org/10.1182/blood.2020009707.
SongY,Hu G, Jia J, Yao M, Wang X, Lu W, et al. DNA damage induces
dynamic associations of BRD4/P-TEFb with chromatin and modulates
gene transcription in a BRD4-dependent and -independent manner.
Front Mol Biosci. 2020,7:618088.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1002/cam4.4206
https://doi.org/10.1002/cam4.4206
https://doi.org/10.1182/blood.2020009707

	Super-enhancer profiling identifies novel critical and targetable cancer survival gene LYL1 in pediatric acute myeloid leukemia
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Samples
	Cell lines and culture
	Cell viability assay
	Lentivirus preparation and infection
	RNA preparation and real-time PCR
	Western blotting analysis
	Apoptosis assay
	RNA-seq analysis and data processing
	Chromatin immunoprecipitation (ChIP)
	Public ChIP-Seq data collection and analysis
	Public hi-C data collection and analysis
	Statistical analysis

	Results
	Super-enhancers are enriched at transcriptional regulatory genes in AML samples and AML cells
	Super-enhancers in AML are associated with the known cancer genes
	The BRD4 inhibitor GNE-987 inhibits AML cell growth
	GNE-987 treatment inhibits the expression of super-enhancer-associated genes in AML cells
	Selection of candidate cancer genes in AML by super-enhancer and gene expression profile
	LYL1 is required for AML cell growth and survival

	Discussion
	Conclusion
	Acknowledgements
	References


