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LncRNA KCNQ1OT1 activated by c-Myc promotes cell
proliferation via interacting with FUS to stabilize MAP3K1 in
acute promyelocytic leukemia
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Uncontrolled proliferation is the hallmark of cancer cells. Previous studies mainly focused on the role of protein-coding genes in
cancer cell proliferation. Emerging evidence showed that long non-coding RNAs (lncRNAs) also play critical roles in cancer cell
proliferation and growth. LncRNA KCNQ1OT1 is found to contribute to carcinogenesis, but its role in acute promyelocytic leukemia
(APL) is unclear. In this study, by analyzing data from Gene Expression Omnibus, The Cancer Genome Atlas database and our clinical
samples, we found that KCNQ1OT1 was selectively highly expressed in APL. Functional assays demonstrated that knockdown of
KCNQ1OT1 reduced APL cell proliferation and increased apoptosis. Further evidence showed that KCNQ1OT1 was mainly located in
the cytoplasm of APL patient-derived NB4 cells and APL patient bone marrow samples. Mechanistically, KCNQ1OT1 bound to RNA
binding protein FUS, and silencing either KCNQ1OT1 or FUS reduced the expression level and stability of MAP3K1 mRNA. Whereas
KCNQ1OT1 and FUS did not affect each other. Importantly, knockdown of MAP3K1 impaired APL cell proliferation. Finally, c-Myc
transactivated KCNQ1OT1 in APL cells through binding to its promoter while knockdown of c-Myc decreased KCNQ1OT1
expression. Our results not only revealed that c-Myc transactivated KCNQ1OT1 and upregulated KCNQ1OT1 promoted APL cell
proliferation, but also demonstrated that KCNQ1OT1 bound to FUS to synergistically stabilize MAP3K1 mRNA, thus facilitating APL
cell proliferation. This study established a previously unidentified role of KCNQ1OT1 in the development of APL, and KCNQ1OT1
may serve as a potential therapeutic target for APL.
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INTRODUCTION
Uncontrolled proliferation, which is the outcome of a complex
multifactorial process, is the hallmark of cancer cells [1]. Previous
studies mainly focused on the function of protein-coding genes in
cancer cell proliferation. Recently, long non-coding RNAs
(lncRNAs), which can be transcribed from a considerable fraction
of the human genome [2], have been found to play an essential
roles in cancer cell proliferation [3]. However, lncRNAs reported to
be involved in leukemia cell proliferation are limited. Identifying
functional lncRNAs critical for leukemia cell proliferation and
growth will provide comprehensive insights into the pathogenesis
of leukemia and new potential targets for leukemia treatment.
Acute promyelocytic leukemia (APL), the M3 subtype of acute

myeloid leukemia (AML), is characterized by hyperproliferation of
leukemic promyelocytes in the bone marrow and/or peripheral
blood. APL typically presents with a life-threatening hemorrhagic
disorder and is a highly lethal disease historically [4, 5]. Application
of all-trans retinoic acid and arsenic trioxide makes APL a highly
curable disease during the past three decades [6, 7]. Therefore, a

full understanding of the pathogenesis of APL will have an
important implication for underlying mechanisms and clinical
treatments of other subtypes of AML.
KCNQ1OT1, a 91 kb-long non-protein-coding antisense

transcript, is initially discovered to be responsible for transcrip-
tional silencing of genes in the KCNQ1 cluster. This cluster is an
important tumor suppressor gene region [8]. The mechanistic
investigation found that in the nucleus, KCNQ1OT1 could
interact with DNMT1, histone methyltransferases G9a and the
PRC2 complex to silence the expression of genes within the
parental region, including the CDKN1C gene, which encodes cell
cycle inhibitor p57 [9, 10]. Clinically, overexpression of
KCNQ1OT1 is frequently reported in Beckwith-Wiedemann
syndrome patients, and about 10% of these patients developed
embryonal tumors [11], suggesting its pro-oncogenic potential.
Consistently, growing evidence has shown the crucial roles of
KCNQ1OT1 in the initiation and invasion of cancers [12–14]. For
example, KCNQ1OT1 was highly expressed in lung adenocarci-
noma and high expression of KCNQ1OT1 is correlated to
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malignant behaviors, including large tumor size, higher lymph
nodes metastasis rate, and advanced TNM stage. Whereas
silencing of KCNQ1OT1 represses cell proliferation and invasion
[15]. In glioma, KCNQ1OT1 was upregulated and KCNQ1OT1
upregulation promotes tumor cell proliferation through activat-
ing miR-370/CCNE2 axis [16]. In addition, KCNQ1OT1 was also
upregulated in colorectal cancer (CRC), which accelerates the
proliferation, migration, and epithelial–mesenchymal transition
(EMT) of CRC cells via regulating miR-217/ZEB1 axis [17]. These
results suggest that KCNQ1OT1 contributes to carcinogenesis
through the competing endogenous RNA (ceRNA) mechanism in
the cytoplasm. However, the expression and role of KCNQ1OT1
in APL remain unclear.
In the present study, we first analyzed data from Gene

Expression Omnibus (GEO), The Cancer Genome Atlas (TCGA)
database and our clinical samples, and found that KCNQ1OT1 was
selectively highly expressed in APL. Functional assays demon-
strated that knockdown of KCNQ1OT1 reduced APL cell prolifera-
tion. Mechanistically, KCNQ1OT1 bound to RNA binding protein
FUS to form a complex, which stabilized MAP3K1 mRNA.
Moreover, c-Myc transactivated KCNQ1OT1 in APL cells through
binding to its promoter. Our results emphasize an oncogenic role
of KCNQ1OT1 in the development of APL.

MATERIALS AND METHODS
Bioinformatics analysis
The expression profiles of KCNQ1OT1 in human tumor samples and paired
normal tissues were obtained from the GEPIA website (http://gepia.cancer-
pku.cn). The correlations between KCNQ1OT1/FUS and MAP3K1 in AML
were also obtained from the GEPIA website. The microarray gene
expression data were downloaded from GEO with accession numbers
GSE10358 and GSE12662. The data of RNA-sequencing in AML were
downloaded from the TCGA database (https://cancergenome.nih.gov/).
The potential interactions of FUS with KCNQ1OT1 and MAP3K1 were
predicted by ENCORI (http://starbase.sysu.edu.cn/index.php) and RBPmap
(http://rbpmap.technion.ac.il). The interaction scores between KCNQ1OT1/
MAP3K1 mRNA and FUS were also predicted by the RNA-Protein
interaction prediction (RPISeq) website (http://pridb.gdcb.iastate.edu/
RPISeq/). The binding sites on the KCNQ1OT1 promoter for c-Myc were
predicted by the JASPAR tool (http://jaspar.genereg.net/).

Patient samples
Bone marrow samples were obtained from 19 patients with de novo APL
and eight cases with normal bone marrows (health and non-leukemia
patients). Leukemic cells isolated from bone marrows with >90% blasts
were cultured as previously described [18] and used for lentiviral
transfection. Patients characteristics were summarized in Supplementary
Material: Table S1.

Cell culture and reagent
NB4 cells were grown in RPMI 1640 (Gibco, Carlsbad, CA, USA) containing
10% fetal bovine serum (FBS) (Gibco). The 293T cells were cultured in
DMEM (Gibco) supplemented with 10% FBS. Cells were incubated in a
humidified atmosphere with 5% CO2 at 37 °C.

Quantitative real-time RT-PCR
Total RNA was extracted with RNAiso plus (TaKaRa, Dalian, Liaoning, China)
and reverse transcription was conducted with PrimeScript RT reagent Kit
(TaKaRa). Quantitative real-time PCR (qRT-PCR) was performed on the
Roche LightCycler 96 system using the SYBR Premix Ex Taq II (TaKaRa).
GAPDH was used for normalization. All primers for quantitative real-time
RT-PCR are listed in Supplementary Material: Table S2.

Subcellular fractionation location
The separation of nuclear and cytoplasmic fractions was performed using
the PARIS Kit (Thermo Fisher Scientific, Carlsbad, CA, USA) according to the
manufacturer’s instructions. qRT-PCR was used to determine the RNA
(KCNQ1OT1, GAPDH, and U6) levels in fractions.

Cell proliferation assay
NB4 cells transfected with shKCNQ1OT1 or shMAP3K1 were seeded in 96-
well plates at a density of 1 × 105 cells/ml. Cell proliferation was quantified
by the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) every 24 h
following the manufacturer’s instructions.

Colony formation assay
To assess the colony-forming efficiency of NB4 cells, transfected cells were
plated at a concentration of 5 × 102 cells/ml in RPMI 1640 supplemented
with methylcellulose and 10% FBS. After incubated for 2 weeks, cells were
fixed with 4% paraformaldehyde and stained with crystal violet (Sigma-
Aldrich). The visible colonies were counted manually and photographed
microscopically.

Flow cytometry
For cell cycle analysis, transfected cells were collected and fixed with 1%
formaldehyde at 4 °C for 1 h. After washed with PBS, cells were
permeabilized with 70% ethanol overnight at −20 °C. Then cells were
treated with 100 μg/ml RNase A at 37 °C for 30min. Subsequently, cells
were stained with PI for 30min. GFP-positive cells were analyzed for DNA
content by a BD FACS Canto II flow cytometer (BD Biosciences).
For cell apoptosis analysis, cells were double stained with APC-Annexin

V and Propidium iodide (PI) by using the APC-Annexin V Apoptosis
Detection Kit with PI (BioLegend, San Diego, CA, USA) according to the
manufacturer’s instructions. Then GFP-positive cells were analyzed by flow
cytometry.

Western blot
Cell protein lysates were subjected to SDS-polyacrylamide gel electro-
phoresis. Separated proteins were transferred to PVDF membranes and
treated with 5% skimmed milk, then incubated with corresponding
primary antibodies against MAP3K1 (Proteintech, 19970-1-AP), FUS
(Abcam, ab124923), and GAPDH (Proteintech, 10494-1-AP) overnight at
4 °C followed by HRP-conjugated secondary antibodies for 2 h. Band
density was analyzed using an ECL kit (Invitrogen, Carlsbad, CA, USA).

Chromatin immunoprecipitation (ChIP) assay
ChIP was performed using Pierce Agarose ChIP Kit (Thermo Fisher
Scientific, Rockford, IL, USA) according to the manufacturer’s instructions.
The following antibodies were used: c-Myc (Santa Cruz Biotech, sc-42x) and
rabbit IgG (Abcam, ab46540). Immunoprecipitated DNA was analyzed by
qPCR. All primers for ChIP-qPCR are listed in Supplementary Material: Table
S2.

RNA interference experiments and transfection
Lentiviral plasmids expressing short hairpins against KCNQ1OT1/
MAP3K1/FUS/c-Myc and negative control were constructed using
pLVX-shRNA2 vector (Clontech Laboratories, Mountainview, CA, USA)
following the manufacturer’s instructions. Lentiviral particles were
generated by co-transfecting 293T cells of lentiviral plasmids with
packaging plasmids pMD2.G and psPAX2. Culture supernatants were
collected 48 h after transfection and were used to infect NB4 cells and
cells isolated from APL bone marrow samples in the presence of 8 μg/ml
of polybrene (Sigma-Aldrich, St. Louis, MO, USA). Expression levels of
targeted genes were detected by qRT-PCR or western blot. The
sequences of shRNAs targeting KCNQ1OT1 were sh1, 5′-GCCAATGGA-
TAGAGAGCAA-3′; sh2, 5′-GCCAATAGCAACTGACTAA-3′; sh3, 5′-GCCA-
CATCTAACACCTATA-3′; sh4, 5′-GGTGAGAAACCTCTAACAA-3′. The RNAi
Consortium (TRC) human genome-wide shRNA collection was used to
make gene knockdown cells. MAP3K1 targeting shRNA [19] was
TRCN0000197225. FUS targeting shRNA [20] was TRCN0000039824.
c-Myc targeting shRNA [21] was TRCN0000039642. 5′-AGCGUGUAG-
CUAGCAGAGG-3′ was used as negative control sequence.

Retroviral construct and transfection
The sequence encoding full-length MAP3K1 was amplified from cDNA of
NB4 cells and then directionally cloned into retroviral vector MigR1, by Xho
I and EcoR I sites, to form plasmid MigR1-MAP3K1. Retroviral particles were
produced by co-transfecting 293T cells with packaging plasmids VSV-G
and gag-pol. The following procedure was the same as lentivirus
production.
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Fig. 1 KCNQ1OT1 is highly expressed in APL. A–D The expression of KCNQ1OT1 in different FAB subtypes from two AML patient cohorts
(GSE10358 and TCGA). E The expression of KCNQ1OT1 in APL and normal promyelocytes (Pro) was retrieved from GEO (GSE12662).
F KCNQ1OT1 expression was determined in 19 primary APL patient samples and eight normal bone marrows (Normal BM). The result is
presented with the means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NS not significant.

Fig. 2 Highly expressed KCNQ1OT1 promotes APL cell proliferation. A Four shRNAs were used to silence KCNQ1OT1 in NB4 cells. The
expression of KCNQ1OT1 was determined in NB4 cells transfected with pLVX-shRNA2-derived lentiviruses carrying shRNAs specifically
targeting KCNQ1OT1. B CCK8 assays were performed to determine the viability of NB4 cells transfected with KCNQ1OT1-sh1, KCNQ1OT1-sh2,
and negative control (NC). C Colony formation assays were performed to test the proliferation of KCNQ1OT1-shRNA-transfected NB4 cells.
Colonies were captured and counted. D Cell apoptosis was analyzed by flow cytometry. Lower Right: early apoptotic cells (Early), Upper Right:
late (or terminal) apoptotic cells (Late). E Cell cycle distribution was determined by flow cytometry. The result is presented with the means ±
SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Plasmid constructions and site-directed mutagenesis
A 2462 bp DNA fragment encompassing the MAP3K1 transcription start
site and a 568 bp KCNQ1OT1 promoter fragment were respectively
amplified by PCR using genomic DNA from NB4 cells. The PCR products
were cloned into the pGL3-basic reporter plasmid (Promega, Madison, WI,
USA). Mutations of the predicted c-Myc binding sites in the pGL3-
KCNQ1OT1 construct were made using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA) following the manufac-
turer’s protocol. The c-Myc sequence was amplified using NB4 cDNA and
then cloned into the pcDNA3.1 (+) vector. Detailed primer information is
listed in Table S2.

Transient transfection and luciferase reporter assay
NB4 cells were electro-transfected using the Amaxa Nucleofector II device
(Lonza, Cologne, Germany) with Nucleofector Kit V (Lonza); 293T cells were
transfected with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The detailed procedure was described
previously [22]. Renilla luciferase plasmid pRL-SV40 acted as an internal
control to normalize transfection efficiencies. Firefly and Renilla luciferase
activities were measured using the Dual-Luciferase Reporter Assay System
reagents (Promega) 24 h after transfection.

RNA immunoprecipitation (RIP) assay
RIP was performed using the EZ-Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, Billerica, MA, USA) following the
manufacturer’s instructions. Immunoprecipitated RNA was subjected to
qRT-PCR analysis to detect MAP3K1 and KCNQ1OT1 expression.

RNA pulldown assay
MAP3K1 mRNA 3′-UTR was in vitro transcribed by using T7 RNA
polymerase (NEB, Ipswich, MA, USA), purified with the RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany), and treated with RNase-free DNase I
(Qiagen). Then transcribed MAP3K1 mRNA 3′-UTR was labeled with biotin
using the Biotin RNA Labeling Mix (Sigma). The biotinylated MAP3K1 3′-
UTR was incubated with protein extract obtained from NB4 cells. After that,
streptavidin magnetic beads were used to isolate the RNA-protein
complex. Finally, the complex was analyzed by western blot.

Statistical analysis
The data were analyzed statistically using the Student’s t-test. Values were
the mean ± standard error of the mean (S.E.M.) obtained from at least three
independent experiments. P value of less than 0.05 was considered as

Fig. 3 KCNQ1OT1 positively regulates MAP3K1. A The expression of MAP3K1 in APL and normal promyelocytes was retrieved from GEO
(GSE12662). B The expression of MAP3K1 was detected in 19 primary APL patient samples and eight normal bone marrow samples. C, D Cell
proliferation was determined by cell count and CCK8 assay in NB4 cells infected with MAP3K1-shRNA at indicated time points. E, F The RNA
and protein level of MAP3K1 was determined in NB4 cells infected with KCNQ1OT1-sh1 and KCNQ1OT1-sh2. G The expression of MAP3K1 was
detected in two primary APL BM samples infected with KCNQ1OT1-sh1 by qRT-PCR. H MAP3K1 was overexpressed in NB4 cells with silencing
of KCNQ1OT1. Cell proliferation was determined by CCK8 assay at indicated time points. I pGL3-MAP3K1 promoter luciferase plasmid was
transfected into NB4 cells that stably expressing KCNQ1OT1-sh1 and KCNQ1OT1-sh2. Luciferase activity was measured 24 h after transfection.
The result is presented with the means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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statistical significance. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001, **** indicates p < 0.0001.

RESULTS
KCNQ1OT1 is significantly highly expressed in APL
First, we analyzed the expression level of KCNQ1OT1 with GEPIA
[23], a web-based tool to compare gene expression based on
TCGA [24] and GTEx data [25]. Among all tumor samples and
paired normal tissues, KCNQ1OT1 was exclusively highly
expressed in AML (Fig. S1). Then we downloaded and analyzed

the human AML gene expression microarray profile (GSE10358)
from the GEO database, and found that the expression of
KCNQ1OT1 was especially higher in APL (AML-M3) than other
AML subtypes (Fig. 1A, B). The results were confirmed by the data
downloaded from the TCGA database (Fig. 1C, D). Subsequently,
the expression of KCNQ1OT1 in APL and normal promyelocytes
was retrieved from GEO (GSE12662). As a result, KCNQ1OT1 was
indeed upregulated in APL compared with normal promyelocytes
(Fig. 1E). To verify the microarray results, 19 primary APL patient
samples and eight normal bone marrows were collected and
expression of KCNQ1OT1 was examined (Fig. 1F). Collectively,

Fig. 4 FUS stabilizes MAP3K1 mRNA in APL cells. A The expression levels of KCNQ1OT1 in the cytoplasm and nucleus of NB4 cells and two
APL patient samples were detected by qRT-PCR. U6 was used as a nucleus marker and GAPDH was used as a cytosol marker. B The interaction
probabilities of FUS with MAP3K1 mRNA and 3′-UTR of MAP3K1 mRNA were predicted by the RNA-Protein interaction prediction (RPISeq)
website. Predictions with probabilities >0.5 were considered “positive”, indicating that the corresponding RNA and protein are likely to
interact. C RIP experiments were performed in NB4 cells, and the coprecipitated RNA was subjected to qRT-PCR for MAP3K1 expression. The
fold enrichment of MAP3K1 mRNA in FUS RIP is relative to the IgG control. D The biotinylated MAP3K1 3′-UTR was used to pull down FUS.
Western blot assay was used to detect the FUS in MAP3K1 3′-UTR precipitates. E The expression of FUS in APL and normal promyelocytes was
retrieved from GEO (GSE12662). F The expression level of FUS was determined in 19 primary APL patient samples and eight normal bone
marrow samples by qRT-PCR. G, H The RNA and protein level of MAP3K1 was detected in NB4 cells transfected with shRNA specifically
targeting FUS (shFUS). I RNA stability assays were performed using Actinomycin D to disrupt RNA synthesis in NB4 cells, and the expression of
MAP3K1 mRNA was measured every 2 h. The result is presented with the means ± SEM of three independent experiments. *p < 0.05, **p < 0.01.
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these results suggest that KCNQ1OT1 is selectively highly
expressed in APL.

Upregulated KCNQ1OT1 promotes APL cell proliferation
To explore the biological function of upregulated KCNQ1OT1 in
APL, four shRNAs were used to silence KCNQ1OT1 in APL patient-
derived NB4 cells. As shown in Fig. 2A, KCNQ1OT1-sh1 (sh1) and
KCNQ1OT1-sh2 (sh2) silenced KCNQ1OT1 more efficiently, so they
were selected for the following experiments. Cell proliferation
assays (CCK8) showed that knockdown of KCNQ1OT1 significantly
reduced cell growth (Fig. 2B). Consistently, silencing of KCNQ1OT1
also markedly decreased the colony formation ability of NB4 cells
(Fig. 2C). To explore whether KCNQ1OT1 is involved in cell
apoptosis and cell cycle progression, flow cytometry analysis was
performed. Silencing of KCNQ1OT1 increased the apoptotic rate of
NB4 cells (Fig. 2D). However, knockdown of KCNQ1OT1 had no
obvious effect on cell cycle progression (Fig. 2E). These results
demonstrated that upregulated KCNQ1OT1 promoted APL cell
proliferation whereas inhibited cell apoptosis.

KCNQ1OT1 promotes APL cell proliferation by regulating
MAP3K1
To investigate the potential downstream targets of KCNQ1OT1,
the GEPIA database was browsed and MAP3K1, a crucial member
of the MAPK signaling cascade, was found to be highly expressed
in AML (Fig. S2). Importantly, there was a significant positive
correlation between MAP3K1 and KCNQ1OT1 in AML (Fig. S3).
Then, the expression of MAP3K1 in APL and normal promyelocytes
was retrieved from GEO (GSE12662). As shown in Fig. 3A, the
expression level of MAP3K1 was higher in APL than that in normal
promyelocytes. The results were validated by our clinical cohort
(Fig. 3B). To elucidate the role of MAP3K1 in APL cell proliferation,

shRNA specifically targeting MAP3K1 was used to silence MAP3K1
(Fig. S4). As shown in Fig. 3C, 3D, knockdown of MAP3K1
drastically reduced NB4 cell proliferation. Thereafter, we aimed to
clarify the association between KCNQ1OT1 and MAP3K1. Our
results revealed that KCNQ1OT1 silencing obviously diminished
the expression of MAP3K1 both at mRNA and protein levels (Fig.
3E, F), indicating that KCNQ1OT1 could regulate the expression of
MAP3K1. The findings were validated in two APL bone marrow
samples (Fig. 3G). Subsequently, a rescue assay was used to
elucidate the role of MAP3K1 in the KCNQ1OT1-mediated
proliferation of APL cells. Reduced cell growth in NB4 cells with
KCNQ1OT1 silencing was reversed by overexpression of MAP3K1
(Fig. 3H). All the above results suggest that KCNQ1OT1 promotes
APL cell proliferation by regulating MAP3K1. To explore the
regulatory mechanism of KCNQ1OT1 on MAP3K1, we examined
whether KCNQ1OT1 could transactivate the promoter of MAP3K1.
Luciferase reporter assays demonstrated that MAP3K1 promoter
activity was unaffected by silencing of KCNQ1OT1 (Fig. 3I),
suggesting that KCNQ1OT1 might modulate MAP3K1 expression
at the post-transcriptional level.

FUS binds to and stabilizes MAP3K1 mRNA in APL
To explore the potential mechanism of KCNQ1OT1 in APL,
subcellular localization was detected. The level of KCNQ1OT1
was higher in the cytosol than that in the nucleus in both NB4 cells
and APL patient samples (Fig. 4A). Cytoplasmic lncRNAs are well-
known to interact with RNA binding proteins (RBPs) [26]. From the
ENCORI database (http://starbase.sysu.edu.cn/index.php), FUS was
predicted as a shared RBP for KCNQ1OT1 and MAP3K1 mRNA
(Table S3 and S4). Then the interaction between FUS and MAP3K1
mRNA was further predicted by the RNA–Protein interaction
prediction (RPISeq) website. The scores of RF classifier and SVM

Fig. 5 KCNQ1OT1 and FUS positively regulate MAP3K1 mRNA stability. A The interaction probability between FUS and KCNQ1OT1 was
predicted by the RPISeq website. B The fold enrichment of KCNQ1OT1 was analyzed in FUS RIP in NB4 cells. C The expression of KCNQ1OT1 was
analyzed in NB4 cells transfected with shFUS. D The expression level of KCNQ1OT1 in NB4 cells infected with shFUS and negative control were
analyzed every 2 h after treatment with actinomycin D. E Western blot assay was performed to determine the expression level of FUS in NB4 cells
infected with KCNQ1OT1-sh1 and KCNQ1OT1-sh2. F The fold enrichment of MAP3K1 was determined in FUS RIP in NB4 cells infected with
KCNQ1OT1-sh1 and negative control (NC). G The level of MAP3K1 mRNA in NB4 cells infected with KCNQ1OT1-sh1 and negative control was
analyzed every 2 h after treatment with actinomycin D. The data are shown with the means ± SEM of three independent experiments. *p< 0.05.
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classifier were both over 0.5 (Fig. 4B), suggesting that FUS had a
great possibility of interaction with MAP3K1 mRNA. Because RBP
interactions with 3′-UTR are important determinants of mRNA
stability [27], and FUS tend to bind 3′-UTR of MAP3K1 mRNA (Fig.
4B), the 3′-UTR was used to perform RNA pulldown. RNA
immunoprecipitation (RIP) and RNA pulldown assay results
showed that FUS highly bound to MAP3K1 mRNA (Fig. 4C, D).
Furthermore, by browsing GEPIA website, we found that FUS

was positively correlated with MAP3K1 in AML (Fig. S5), indicating
that FUS may positively regulate MAP3K1 mRNA. We retrieved the
gene expression data from GEO (GSE12662) and found that,
similar to MAP3K1, FUS expression was also higher in APL than
normal promyelocytes (Fig. 4E). The result was confirmed by our
clinical samples (Fig. 4F). To test the influence of FUS on MAP3K1,
level of MAP3K1 was determined in NB4 cells transfected with
shRNA targeting FUS. As revealed in Fig. 4G, H, knockdown of FUS
significantly downregulated MAP3K1 both at mRNA and protein
levels. Because FUS is known to act as an mRNA stabilizer [28], we
further explored whether FUS could modulate MAP3K1 mRNA
stability. As expected, after treatment with Actinomycin D, the
half-life of MAP3K1 mRNA was decreased by silencing FUS (Fig. 4I).
To sum up, FUS binds to and stabilizes MAP3K1 mRNA in APL cells.

KCNQ1OT1 and FUS synergistically stabilize MAP3K1 mRNA
Next, the RPISeq website was used to further predict the
interaction between KCNQ1OT1 and FUS. The scores of RF
classifier and SVM classifier were 0.8 and 0.89, respectively (Fig.
5A), indicating that FUS has a good chance of binding to
KCNQ1OT1. The result was validated by RIP assays in NB4 cells
(Fig. 5B). However, silencing FUS did not exert any influence on

KCNQ1OT1 expression (Fig. 5C) and KCNQ1OT1 stability (Fig. 5D).
Similarly, the level of FUS was unchanged in NB4 cells with
downregulated KCNQ1OT1 (Fig. 5E). These results together
indicated that FUS does not affect KCNQ1OT1 expression.
Importantly, knockdown of KCNQ1OT1 markedly decreased the
interaction between FUS and MAP3K1 mRNA in NB4 cells (Fig. 5F).
Consistently, silencing of KCNQ1OT1 in NB4 cells obviously
reduced the stability of MAP3K1 mRNA (Fig. 5G). Taken together,
our results suggest that KCNQ1OT1 and FUS synergistically
mediate MAP3K1 mRNA stability.

c-Myc transactivates KCNQ1OT1 expression in APL
DNase I hypersensitive site (DNase I HS) and enrichment of
H3K4me3 have been combined to mark active promoters
[29–31]. To interrogate the mechanism of KCNQ1OT1 upregula-
tion in APL, we utilized the DNase I HS-sequencing and
chromatin immunoprecipitation-sequencing (ChIP-seq) data of
NB4 cells generated by the ENCODE Project Consortium [32] to
identify the regulatory region of KCNQ1OT1. The results were
displayed using UCSC Genome Browser (http://genome.ucsc.
edu) [33]. As shown in Fig. 6A, DNase I HS was found to be
located around the transcription start site (TSS), and the
enrichment of H3K4me3 binding was located around the TSS
and around +1000 bp downstream of TSS. These results
suggested that the region from −200 bp to +1200 bp of TSS
might mediate the transcription of KCNQ1OT1. c-Myc, a crucial
transcription factor involved in proliferation and leukemogen-
esis, is upregualted in APL [34]. Therefore, c-Myc binding sites on
KCNQ1OT1 promoter were predicted with the JASPAR tool. The
results revealed two significantly enriched binding sites for

Fig. 6 c-Myc transactivates KCNQ1OT1 expression in APL cells. A Genome browser screenshot of the KCNQ1OT1 locus. H3K4Me3
(GSM945275), DNase I HS signal (GSM736604), and Input (GSM945252) ChIP-seq signals of NB4 cells were displayed in the UCSC genome browser. B
ChIP assay was performed to investigate the interaction between c-Myc and KCNQ1OT1 promoter. PRDX3 was used as the positive control. C The
expression level of KCNQ1OT1 was determined in NB4 cells infected with shRNA specifically targeting c-Myc (shMyc). D Schema of the KCNQ1OT1
promoter region shows the different mutation constructs used in this study. □ represents the wild-type c-Myc binding site and ⊠ represents the
mutated site. E The 568 bp KCNQ1OT1 promoter reporter construct was transfected into 293T cells along with increasing amounts of the pcDNA-
Myc expression plasmid. Luciferase activity was measured 24 h after transfection. F The luciferase promoter constructs with mutated −65 and/or
−47 sites were co-transfected with 500 ng of the pcDNA3.1 (empty) or pcDNA-Myc (Myc) plasmid into 293T cells. Luciferase activities were
measured 24 h after transfection. The result is presented with the means ± SEM of at least three independent experiments. *p < 0.05.
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c-Myc around the TSS (Fig. S6 and Fig. 6D). Next, ChIP-qPCR was
used to detect the binding of c-Myc on the KCNQ1OT1
promoter. The results demonstrated that c-Myc bound to
KCNQ1OT1 promoter (Fig. 6B). To clarify the role of c-Myc in
KCNQ1OT1 activation, shRNA specifically targeting c-Myc was
introduced into NB4 cells. As shown in Fig. 6C, silencing of c-Myc
drastically decreased the expression of KCNQ1OT1 in NB4 cells.
Thereafter, promoter-reporter assays were conducted in
293T cells. The KCNQ1OT1 promoter construct containing
potential c-Myc binding sites was co-transfected with increasing
amounts of the c-Myc expression construct. As shown in Fig. 6E,
the KCNQ1OT1 promoter was transactivated by c-Myc in a dose-
dependent manner. On the contrary, mutation of either one or
both c-Myc binding sites (Fig. 6D) significantly diminished the c-
Myc-mediated transactivation (Fig. 6F). Cumulatively, our results
demonstrated that c-Myc bound to and transactivated
KCNQ1OT1 promoter in APL.

DISCUSSION
KCNQ1OT1 has been reported to be involved in lung cancer
[13, 15], tongue cancer [35], glioma [16], colorectal cancer [17],
bladder cancer [36], prostate cancer [12], and AML [37, 38]. In AML,
KCNQ1OT1 contributes to AML cell proliferation through

regulating c-Myc and Tspan3 via ceRNA mechanism in U937, HL-
60, and K562 cells [37, 38]. However, the expression and function
of KCNQ1OT1 in APL are still unknown. Here, we first identified
that KCNQ1OT1 was exclusively highly expressed in AML among
all tumor samples and paired normal tissues, whereas within AML,
expression of KCNQ1OT1 was higher in APL than other subtypes
of AML. Notably, upregulated KCNQ1OT1 promoted the prolifera-
tion of APL patient-derived NB4 cells.
KCNQ1OT1 was primarily identified as a chromatin regulatory

RNA through binding to histone methyltransferases G9a and the
PRC2 complex and DNA methyltransferase 1 (DNMT1) [8].
Recently, KCNQ1OT1 was found to act as a ceRNA through
interacting with RNA binding protein AGO2 [16, 17, 37, 38]. These
findings raise the possibility that KCNQ1OT1 could interact with
other RNA binding proteins. However, the interaction between
KCNQ1OT1 and RNA binding proteins is rarely reported. On the
other hand, as a well-known RNA binding protein, FUS, is a crucial
mRNA stabilizer in cytoplasm. For instance, FUS interacts with
lncRNA CTBP1-AS2 to stabilize TLR4 in cardiomyocyte hypertrophy
[39]. FUS could also bind to lncRNA DLX6-AS1 to regulate MAP4K1,
thus promoting cell proliferation, migration and EMT of gastric
cancer [40]. In this study, we demonstrated that KCNQ1OT1 was
mainly located in the cytoplasm of NB4 cells and APL patient
samples. Cytoplasmic KCNQ1OT1 bound to FUS, and KCNQ1OT1/

Fig. 7 Schematic diagram of lncRNA-KCNQ1OT1 functions to promote proliferation in APL. Light blue background shows cytoplasm, light
pink background shows nucleus. Pol II: RNA polymerase II.
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FUS complex synergistically stabilized MAP3K1 mRNA, thus
facilitating APL cell proliferation. To the best of our knowledge,
our study is the first to report that KCNQ1OT1 interacts with RBP
FUS to stabilize downstream targets, thus contributing to the
proliferation of APL cells. Our findings not only reveal a previously
unidentified role of KCNQ1OT1 in facilitating APL cell proliferation,
but also uncover the molecular mechanism of how KCNQ1OT1
participates in APL development.
As a proto-oncogenic transcription factor, c-Myc plays a vital

role in cell proliferation, cell transformation and tumorigenesis
[41, 42]. Clinically, c-Myc is overexpressed or amplified among
various human cancers, including AML [43–45]. A less than 2-fold
increase in c-Myc levels can transform monocyte-macrophages
[46]. In mice, transduction of myeloid cells with c-Myc causes AML
development [47]. Though c-Myc plays an essential role in
leukemogenesis, known targets of c-Myc in AML are limited. It is
reported that c-Myc-bound promoters are always with an active
chromatin state characterized by specific histone marks, such as
H3K4me3 and hypersensitivity to digestion by DNase I [48]. In this
study, we used the published data of DNase I HS-seq and
H3K4me3 ChIP-Seq to predict the active promoter of KCNQ1OT1
in NB4 cells, and then found that c-Myc bound to and
transactivated the KCNQ1OT1 promoter. Our results describe an
important role of KCNQ1OT1 in mediating c-Myc-induced
leukemia cell proliferation and enrich the mechanism of how
c-Myc contributes to APL pathogenesis.
The mitogen-activated protein kinase (MAPK) pathway plays a

critical role in APL cell proliferation [49, 50]. MAP3K1 is a serine/
threonine kinase and is a pivotal upstream regulator in MAPK
signaling. In vivo mutagenesis screening has identified MAP3K1 as a
driver in the development of melanoma in mice [51]. In addition,
copy number loss and somatic mutations of MAP3K1 were reported
in a significant fraction of human tumor samples. The resultant
impairment of MAP3K1 led to defects in pro-survival signaling,
which reduced tumor growth and metastasis [52]. Consistently,
MAP3K1 mutations were frequently observed in luminal A subtype
of breast cancer. These patients were characterized by better overall
survival and lower relapse rates than other subtypes [53]. Above
results suggest that MAP3K1 is involved in cancer development.
Interestingly, we found that lncRNA KCNQ1OT1/FUS complex
stabilized MAP3K1 and upregulated MAP3K1 contributes to APL
cell proliferation. Our results indicate that MAP3K1 may also
function as a downstream effector of other modulators, including
lncRNA, to play a role in cancer cell proliferation.
It would be interesting to identify the exact binding sites of FUS

on KCNQ1OT1. However, KCNQ1OT1 is a 91 kb-long transcript and
there are hundreds of potential FUS binding sites on KCNQ1OT1
predicted by ENCORI and RBPmap websites. Besides, interactions
between lncRNAs and RNA binding proteins may be influenced by
the secondary and/or tertiary structure of lncRNAs [54]. We will try
to resolve this issue in future work. In addition, we observed that
silencing of KCNQ1OT1 increased the apoptosis of APL cells. We
will clarify the mechanism of how KCNQ1OT1 affects APL cell
apoptosis in the following study. Another limitation of this work is,
the experiments to clarify the function and mechanism of
KCNQ1OT1 were mainly performed in vitro, more in vivo studies
are needed to further verify the function of KCNQ1OT1 in APL.
In sum, the present study not only revealed that c-Myc

transactivated KCNQ1OT1 in APL and upregulated KCNQ1OT1
promoted APL cell proliferation, but also demonstrated that
KCNQ1OT1 bound to FUS, thus stabilizing the mRNA of MAP3K1
(Fig. 7). This study established a novel role of the c-Myc/
KCNQ1OT1/FUS/MAP3K1 axis in APL cell proliferation and may
offer new targets for APL therapy.

REFERENCES
1. Sherr CJ. Cancer cell cycles. Science. 1996;274:1672–7.

2. Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, et al. Landscape
of transcription in human cells. Nature. 2012;489:101–8.

3. Huarte M. The emerging role of lncRNAs in cancer. Nat Med. 2015;21:1253–61.
4. Barbui T, Finazzi G, Falanga A. The impact of all-trans-retinoic acid on the coa-

gulopathy of acute promyelocytic leukemia. Blood. 1998;91:3093–102.
5. Sanz MA, Montesinos P. Advances in the management of coagulopathy in acute

promyelocytic leukemia. Thromb Res. 2020;191:S63–S67.
6. Wang ZY, Chen Z. Acute promyelocytic leukemia: from highly fatal to highly

curable. Blood. 2008;111:2505–15.
7. Xu ZL, Huang XJ. Therapeutic approaches for acute promyelocytic leukaemia:

moving towards an orally chemotherapy-free era. Front Oncol. 2020;10:586004.
8. Kanduri C. Kcnq1ot1: a chromatin regulatory RNA. Semin Cell Dev Biol.

2011;22:343–50.
9. Mohammad F, Mondal T, Guseva N, Pandey GK, Kanduri C. Kcnq1ot1 noncoding

RNA mediates transcriptional gene silencing by interacting with Dnmt1. Devel-
opment. 2010;137:2493–9.

10. Pandey RR, Mondal T, Mohammad F, Enroth S, Redrup L, Komorowski J, et al.
Kcnq1ot1 antisense noncoding RNA mediates lineage-specific transcriptional
silencing through chromatin-level regulation. Mol Cell. 2008;32:232–46.

11. Yoshizawa S, Fujiwara K, Sugito K, Uekusa S, Kawashima H, Hoshi R, et al. Pyrrole-
imidazole polyamide-mediated silencing of KCNQ1OT1 expression induces cell
death in Wilms’ tumor cells. Int J Oncol. 2015;47:115–21.

12. Chen QH, Li B, Liu DG, Zhang B, Yang X, Tu YL. LncRNA KCNQ1OT1 sponges miR-
15a to promote immune evasion and malignant progression of prostate cancer
via up-regulating PD-L1. Cancer Cell Int. 2020;20:394.

13. Kang Y, Jia Y, Wang Q, Zhao Q, Song M, Ni R, et al. Long noncoding RNA
KCNQ1OT1 promotes the progression of non-small cell lung cancer via regulating
miR-204-5p/ATG3 axis. Onco Targets Ther. 2019;12:10787–97.

14. Feng L, Li H, Li F, Bei S, Zhang X. LncRNA KCNQ1OT1 regulates microRNA-9-
LMX1A expression and inhibits gastric cancer cell progression. Aging.
2020;12:707–17.

15. Ren K, Xu R, Huang J, Zhao J, Shi W. Knockdown of long non-coding RNA
KCNQ1OT1 depressed chemoresistance to paclitaxel in lung adenocarcinoma.
Cancer Chemother Pharm. 2017;80:243–50.

16. Gong W, Zheng J, Liu X, Liu Y, Guo J, Gao Y, et al. Knockdown of long non-coding
RNA KCNQ1OT1 restrained glioma cells’ malignancy by activating miR-370/
CCNE2 axis. Front Cell Neurosci. 2017;11:84.

17. Bian Y, Gao G, Zhang Q, Qian H, Yu L, Yao N, et al. KCNQ1OT1/miR-217/ZEB1
feedback loop facilitates cell migration and epithelial-mesenchymal transition in
colorectal cancer. Cancer Biol Ther. 2019;20:886–96.

18. Fazi F, Rosa A, Fatica A, Gelmetti V, De Marchis ML, Nervi C, et al. A minicircuitry
comprised of microRNA-223 and transcription factors NFI-A and C/EBPalpha
regulates human granulopoiesis. Cell. 2005;123:819–31.

19. Miles WO, Korenjak M, Griffiths LM, Dyer MA, Provero P, Dyson NJ. Post-
transcriptional gene expression control by NANOS is up-regulated and func-
tionally important in pRb-deficient cells. EMBO J. 2014;33:2201–15.

20. Sundararaman B, Zhan L, Blue SM, Stanton R, Elkins K, Olson S, et al. Resources for
the comprehensive discovery of functional RNA elements. Mol Cell.
2016;61:903–13.

21. Arreal L, Piva M, Fernandez S, Revandkar A, Schaub-Clerigue A, Villanueva J, et al.
Targeting PML in triple negative breast cancer elicits growth suppression and
senescence. Cell Death Differ. 2020;27:1186–99.

22. Wang Y, Jin W, Jia X, Luo R, Tan Y, Zhu X, et al. Transcriptional repression of
CDKN2D by PML/RARalpha contributes to the altered proliferation and differ-
entiation block of acute promyelocytic leukemia cells. Cell Death Dis. 2014;5:
e1431.

23. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer and
normal gene expression profiling and interactive analyses. Nucleic Acids Res.
2017;45:W98–W102.

24. Cancer Genome Atlas Research N, Weinstein JN, Collisson EA, Mills GB, Shaw KR,
Ozenberger BA, et al. The Cancer Genome Atlas Pan-Cancer analysis project. Nat
Genet. 2013;45:1113–20.

25. Consortium GT. Human genomics. The Genotype-Tissue Expression (GTEx)
pilot analysis: multitissue gene regulation in humans. Science. 2015;
348:648–60.

26. Li Z, Chao TC, Chang KY, Lin N, Patil VS, Shimizu C, et al. The long noncoding RNA
THRIL regulates TNFalpha expression through its interaction with hnRNPL. Proc
Natl Acad Sci USA. 2014;111:1002–7.

27. Bae B, Miura P. Emerging roles for 3’ UTRs in neurons. Int J Mol Sci. 2020;21:3413.
28. Colombrita C, Onesto E, Megiorni F, Pizzuti A, Baralle FE, Buratti E, et al. TDP-43

and FUS RNA-binding proteins bind distinct sets of cytoplasmic messenger RNAs
and differently regulate their post-transcriptional fate in motoneuron-like cells. J
Biol Chem. 2012;287:15635–47.

29. Kurdistani SK, Grunstein M. Histone acetylation and deacetylation in yeast. Nat
Rev Mol Cell Biol. 2003;4:276–84.

D. Tang et al.

9

Cell Death and Disease          (2021) 12:795 



30. Thurman RE, Rynes E, Humbert R, Vierstra J, Maurano MT, Haugen E, et al.
The accessible chromatin landscape of the human genome. Nature.
2012;489:75–82.

31. Cuellar-Partida G, Buske FA, McLeay RC, Whitington T, Noble WS, Bailey TL. Epi-
genetic priors for identifying active transcription factor binding sites. Bioinfor-
matics. 2012;28:56–62.

32. Consortium EP. An integrated encyclopedia of DNA elements in the human
genome. Nature. 2012;489:57–74.

33. Tyner C, Barber GP, Casper J, Clawson H, Diekhans M, Eisenhart C, et al. The UCSC
Genome Browser database: 2017 update. Nucleic Acids Res. 2017;45:D626–D634.

34. Muller-Tidow C, Steffen B, Cauvet T, Tickenbrock L, Ji P, Diederichs S, et al.
Translocation products in acute myeloid leukemia activate the Wnt signaling
pathway in hematopoietic cells. Mol Cell Biol. 2004;24:2890–904.

35. Zhang S, Ma H, Zhang D, Xie S, Wang W, Li Q, et al. LncRNA KCNQ1OT1 regulates
proliferation and cisplatin resistance in tongue cancer via miR-211-5p mediated
Ezrin/Fak/Src signaling. Cell Death Dis. 2018;9:742.

36. Wang J, Zhang H, Situ J, Li M, Sun H. KCNQ1OT1 aggravates cell proliferation and
migration in bladder cancer through modulating miR-145-5p/PCBP2 axis. Cancer
Cell Int. 2019;19:325.

37. Sun H, Sun Y, Chen Q, Xu Z. LncRNA KCNQ1OT1 contributes to the progression
and chemoresistance in acute myeloid leukemia by modulating Tspan3 through
suppressing miR-193a-3p. Life Sci. 2020;241:117161.

38. Cheng P, Lu P, Guan J, Zhou Y, Zou L, Yi X, et al. LncRNA KCNQ1OT1 controls cell
proliferation, differentiation and apoptosis by sponging miR-326 to regulate
c-Myc expression in acute myeloid leukemia. Neoplasma. 2020;67:238–48.

39. Luo X, He S, Hu Y, Liu J, Chen X. Sp1-induced LncRNA CTBP1-AS2 is a novel
regulator in cardiomyocyte hypertrophy by interacting with FUS to stabilize TLR4.
Cardiovasc Pathol. 2019;42:21–29.

40. Wu Q, Ma J, Meng W, Hui P. DLX6-AS1 promotes cell proliferation, migration and
EMT of gastric cancer through FUS-regulated MAP4K1. Cancer Biol Ther.
2020;21:17–25.

41. Pelengaris S, Rudolph B, Littlewood T. Action of Myc in vivo—proliferation and
apoptosis. Curr Opin Genet Dev. 2000;10:100–5.

42. Dang CV. MYC on the path to cancer. Cell. 2012;149:22–35.
43. Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, Donovan J, et al. The

landscape of somatic copy-number alteration across human cancers. Nature.
2010;463:899–905.

44. Qian Z, Fernald AA, Godley LA, Larson RA, Le Beau MM. Expression profiling of CD34
+ hematopoietic stem/ progenitor cells reveals distinct subtypes of therapy-related
acute myeloid leukemia. Proc Natl Acad Sci USA. 2002;99:14925–30.

45. Larramendy ML, Niini T, Elonen E, Nagy B, Ollila J, Vihinen M, et al. Overexpression
of translocation-associated fusion genes of FGFRI, MYC, NPMI, and DEK, but
absence of the translocations in acute myeloid leukemia. A microarray analysis.
Haematologica. 2002;87:569–77.

46. Delgado MD, Leon J. Myc roles in hematopoiesis and leukemia. Genes Cancer.
2010;1:605–16.

47. Luo H, Li Q, O’Neal J, Kreisel F, Le Beau MM, Tomasson MH. c-Myc rapidly induces
acute myeloid leukemia in mice without evidence of lymphoma-associated
antiapoptotic mutations. Blood. 2005;106:2452–61.

48. Kress TR, Sabo A, Amati B. MYC: connecting selective transcriptional control to
global RNA production. Nat Rev Cancer. 2015;15:593–607.

49. Zheng PZ, Wang KK, Zhang QY, Huang QH, Du YZ, Zhang QH, et al. Systems
analysis of transcriptome and proteome in retinoic acid/arsenic trioxide-induced
cell differentiation/apoptosis of promyelocytic leukemia. Proc Natl Acad Sci USA.
2005;102:7653–8.

50. Liu TX, Zhang JW, Tao J, Zhang RB, Zhang QH, Zhao CJ, et al. Gene expression
networks underlying retinoic acid-induced differentiation of acute promyelocytic
leukemia cells. Blood. 2000;96:1496–504.

51. Ni TK, Landrette SF, Bjornson RD, Bosenberg MW, Xu T. Low-copy piggyBac
transposon mutagenesis in mice identifies genes driving melanoma. Proc Natl
Acad Sci USA. 2013;110:E3640–3649.

52. Pham TT, Angus SP, Johnson GL. MAP3K1: genomic alterations in cancer
and function in promoting cell survival or apoptosis. Genes Cancer.
2013;4:419–26.

53. Ellis MJ, Ding L, Shen D, Luo J, Suman VJ, Wallis JW, et al. Whole-genome analysis
informs breast cancer response to aromatase inhibition. Nature. 2012;486:353–60.

54. Blythe AJ, Fox AH, Bond CS. The ins and outs of lncRNA structure: How, why and
what comes next? Biochim Biophys Acta. 2016;1859:46–58.

ACKNOWLEDGEMENTS
We are grateful to Prof. Kankan Wang (Shanghai Institute of Hematology, Rui Jin
Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China) for
kindly providing the NB4 cells. This work was supported by the National Natural
Science Foundation grant of China (81400130); the Natural Science Foundation Grant
of Hunan Province, China (2016JJ3161); the Fundamental Research Fund for the
Central Universities of Central South University (ZY2015789); the Chinese foundation
for hepatitis prevention and control-TianQing liver disease research fund subject
(TQGB20200068); and China Scholarship Council (201906375035).

AUTHOR CONTRIBUTIONS
D.T., Y.L., and Y.J. designed the study, performed experiments, analyzed data, and
wrote the manuscript. P.H. performed experiments and analyzed the data. H.P., S.W.,
and G.Z. analyzed the data and reviewed the manuscript. Y.W. conceived and
designed the study, analyzed the data, and wrote the manuscript. All authors read
and approved the submission of this paper.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS
This study was approved by the institutional ethics committee of the Second
Xiangya Hospital, Central South University (Approval no. 2014-117, March 10, 2014)
and was performed in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all patients involved or their authorized
representatives.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-021-04080-1.

Correspondence and requests for materials should be addressed to Y.W.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

D. Tang et al.

10

Cell Death and Disease          (2021) 12:795 

https://doi.org/10.1038/s41419-021-04080-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	LncRNA KCNQ1OT1 activated by c-nobreakMyc promotes cell proliferation via interacting with FUS to stabilize MAP3K1 in acute promyelocytic leukemia
	Introduction
	Materials and methods
	Bioinformatics analysis
	Patient samples
	Cell culture and reagent
	Quantitative real-time RT-PCR
	Subcellular fractionation location
	Cell proliferation assay
	Colony formation assay
	Flow cytometry
	Western blot
	Chromatin immunoprecipitation (ChIP) assay
	RNA interference experiments and transfection
	Retroviral construct and transfection
	Plasmid constructions and site-directed mutagenesis
	Transient transfection and luciferase reporter assay
	RNA immunoprecipitation (RIP) assay
	RNA pulldown assay
	Statistical analysis

	Results
	KCNQ1OT1 is significantly highly expressed in APL
	Upregulated KCNQ1OT1 promotes APL cell proliferation
	KCNQ1OT1 promotes APL cell proliferation by regulating MAP3K1
	FUS binds to and stabilizes MAP3K1 mRNA in APL
	KCNQ1OT1 and FUS synergistically stabilize MAP3K1 mRNA
	c-nobreakMyc transactivates KCNQ1OT1 expression in APL

	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	ADDITIONAL INFORMATION




