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Tumor necrosis factor-related apoptosis-inducing ligand is a novel
transcriptional target of runt-related transcription factor 1
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Abstract. Runt-related transcription factor 1 (RUNX1), which
is also known as acute myeloid leukemia 1 (AMLI1), has been
frequently found with genomic aberrations in human leukemia.
RUNXI1 encodes a transcription factor that can regulate the
expression of hematopoietic genes. In addition, tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) performs
an important function for malignant tumors in immune
surveillance. However, the regulatory mechanism of TRAIL
expression remain to be fully elucidated. In the present study,
tetradecanoylphorbol 13-acetate-treated megakaryocytic
differentiated K562 cells was used to examine the effect of
RUNXI1 on TRAIL expression. Luciferase assay series of
TRAIL promoters for the cells co-transfected with RUNX1
and core-binding factor § (CBFf3) expression vectors were
performed to evaluate the nature of TRAIL transcriptional
regulation. Electrophoresis mobility shift assay of the RUNX1
consensus sequence of the TRAIL promoter with recombinant
RUNX1 and CBFf} proteins was also performed. BloodSpot
database analysis for TRAIL expression in patients with acute
myeloid leukemia were performed. The expression of TRAIL,
its receptor Death receptor 4 and 5 and RUNX1 in K562 cells
transfected with the RUNX1 expression vector and RUNX1
siRNA were evaluated by reverse transcription-quantitative
PCR (RT-gPCR). TRAIL and RUNXI1-ETO expression was
also measured in Kasumi-1 cells transfected with RUNX1-ETO
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siRNA and in KG-1 cells transfected with RUNXI1-ETO
expression plasmid, both by RT-qPCR. Cell counting, lactate
dehydrogenase assay and cell cycle analysis by flow cytometry
were performed on Kasumi-1, KG-1, SKNO-1 and K562 cells
treated with TRAIL and HDAC inhibitors sodium butyrate or
valproic acid. The present study demonstrated that RUNX1
is a transcriptional regulator of TRAIL. It was initially
found that the induction of TRAIL expression following
the megakaryocytic differentiation of human leukemia cells
was RUNXI1-dependent. Subsequently, overexpression of
RUNXT1 was found to increase TRAIL mRNA expression by
activating its promoter activity. Additional analyses revealed
that RUNXI1 regulated the expression of TRAIL in an indi-
rect manner, because RUNX1 retained its ability to activate
this promoter following the mutation of all possible RUNX1
consensus sites. Furthermore, TRAIL expression was reduced
in leukemia cells carrying the t(8;21) translocation, where the
RUNXI1-ETO chimeric protein interfere with normal RUNX1
function. Exogenous treatment of recombinant TRAIL
proteins was found to induce leukemia cell death. To conclude,
the present study provided a novel mechanism, whereby
TRAIL is a target gene of RUNX1 and TRAIL expression was
inhibited by RUNXI1-ETO. These results suggest that TRAIL
is a promising agent for the clinical treatment of t(8;21) AML.

Introduction

Numerous transcription factors have been found to mediate
key roles in hematopoiesis (1). Runt-related transcription factor
1 (RUNX1), which is also known as acute myeloid leukemia
(AML)1, is one of the key transcription factors for hematopoi-
esis. RUNX1 was first cloned from the breakpoint of the t(8;21)
chromosome translocation in AML cases of the AML-M2
subtype of the French-American-British (FAB) classifica-
tion (2). Chromosome aberrations and mutations in RUNX1
has been frequently reported to associate with leukemia patho-
genesis (3,4). The t(8;12) translocation rearranges the RUNX1
locus to generate a fusion protein RUNXI1-ETO (5), which
trans-dominantly interferes with normal RUNXI1 function to
facilitate leukemogenesis (6,7). Point mutations in this locus
that result in loss-of-function or dominant-negative mutations
in this gene were frequently found in cases of sporadic AML,
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myelodysplastic syndrome/myeloproliferative neoplasms or
pedigrees of familial platelet disorder with predisposition to
AML development (8-12).

Conventional disruption experiments previously revealed
that RUNX1 is required for the initial mid-gestation devel-
opment of hematopoietic stem cells from the hemogenic
endothelium (13-15). In addition, conditional knock-out and
knock-in techniques applied in adult mouse models demon-
strated the possible function of RUNXI1 in regulating the size
of circulating and bone marrow myeloid precursor cell popula-
tions, platelet production and T-/B-lymphoid development and
function (16-19). RUNX1 encodes a DNA-binding subunit of
the hetero-dimeric transcriptional factor complex known as
core-binding factor (CBF) (20,21). The N-terminus of RUNX1,
the Runt domain, is responsible for both association with the
[ subunit CBFf and binding to DNA at the consensus sequence
TGT/cGGT. (22). By contrast, domains at the C-terminus serve
as the recruiting sites for regulatory co-factors (23,24).

RUNXI1 performs its biological functions through the
transcriptional regulation of its target genes, including
colony-stimulating factor 1 (CSF1/M-CSF) receptor, hemato-
poietic transcription factors, such as PU.1, CCAAT/enhancer
binding protein a, cell cycle-related genes, such as pl14RF
and p21"AF! microRNA (miR)-24, miR-223, IL-3 and gran-
zyme B (25-28).RUNX1 expression was found to be upregulated
during the differentiation of K562 leukemia cells following
treatment with tetradecanoylphorbol 13-acetate (TPA) (29).
TPA activates protein kinase C and promotes cancer, such as
papilloma and squamous cell carcinoma, alongside the tumor
initiator 7,12-dimetylbenzanthracene (DMBA) (30).

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a secretory and/or membrane-bound protein that
has been extensively studied (31). TRAIL induces apoptosis
by binding to its specific receptors, death receptor 5 (DRS5)
and DR4, on the target cell surface, where the resultant signal
mediates TRAIL-induced apoptosis by interacting with Fas
associated via death domain and activating caspases (32).
TRAIL is amember of the TNF family of cytokines thatinduces
apoptosis (32). Previously, TNF-a, a TNF family member, was
reported to alter the lactate dehydrogenase (LDH) isotype
in non-Hodgkin's lymphomas and cell surface CD marker
profiles upstream of apoptosis induction in K562 cells (33,34).
A number of previous studies also support the notion that
TRAIL has the capability to preferentially kill tumor cells
instead of non-cancerous normal cells, such that recombinant
TRAIL is now under exploration in a number of on-going clin-
ical trials for the treatment of malignant neoplasms (35,36).
TRAIL efficacy was found to be increased by co-treatment
with other therapeutic agents, such as histone deacetylase
inhibitors (HDAC:is) in Jurkat T-cell leukemia cells (37).
Histone deacetylases (HDACS) reduce histone acetylation and
serve as transcriptional repressors (38). Oncoproteins, such
as EWS-Flil, aberrantly disrupt physiological transcriptional
conditions by cooperating with HDACs (38). Therefore,
HDAC:s can inhibit the function and expression of oncogenes
and have potential as anti-tumor agents. To date, five HDACis,
namely valproic acid (VPA), vorinostat, panobinostat, beli-
nostat, and romidepsin, have been approved by the Food and
Drug Administration in the United States for the treatment of
cutaneous T-cell lymphomas, multiple myeloma or peripheral

T-cell lymphomas (39). TRAIL is endogenously expressed by
numerous cell types in the immune system, including natural
killer (NK) cells, T lymphocytes, natural killer T cells, dendritic
cells, and macrophages (40). This protein participates in the
immune surveillance system against malignant tumors (40),
because TRAIL- or TRAIL-R-deficient mice frequently
develop lymphomas, exhibit xenografted carcinogen-induced
tumors that grow faster and show increased lymph node metas-
tases in xenograft models (41-43). Cloning of the promoter
region of the human TRAIL gene revealed its structure, which
contains putative binding sites for a number of transcription
factors, including nuclear factor of activated T-cells, acti-
vator protein 1 (AP-1) and specificity protein 1 (Spl) (44).
Specificity protein 1, NF-kB, FOXO3a, c-Myc and p53 have
all been reported to regulate the transcription of the TRAIL
gene (45-47). However, details of the regulatory mechanisms
underlying TRAIL expression remain to be fully elucidated.
In the RUNXI1-ETO-inducible U937 pro-monocytic leukemia
cell line, RUNXI-ETO induction was reported to upregulate
TRAIL expression (48). However, the effects of wild-type
RUNXT1 on TRAIL regulation under physiological conditions
remain unclear.

In the present study, the transcriptional relationship
between RUNX1 and TRAIL was investigated using RT-qPCR
and luciferase reporter assays in a panel of leukemia cell lines.
In addition, the biological function of TRAIL on leukemia cell
lines was assessed.

Materials and methods

DNA and plasmid constructs. Hemagglutinin (HA)-tagged
mouse RUNX1b encoded in the pRc/CMV plasmid (Invitrogen;
Thermo Fisher Scientific, Inc.) was previously described (49).
HA-tagged mouse RUNXI1b was first digested by HindIIl
and EcoRI before being filled-in, where the complementary
nucleotides were added to the 5'-overhang of the digest-end
using DNA polymerase I (Klenow; New England Biolabs).
The filled-in DNA fragment was then subjected to blunt-end
ligation to the Norl-digested/filled-in site of the pRe/CMV
plasmid. The sequence of the plasmid construct was analyzed
and confirmed by Sanger sequencing using the 3500 Genetic
Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.)
and BigDye Terminator vl.1 cycle sequencing kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.). FLAG-tagged
mouse CBFf (CBFf(-FLAG) encoded in pRc/CMV was
also produced as previously described (10,50). The mouse
CBFpB-FLAG was amplified by PCR using AmpliTaq Gold™
DNA polymerase (Thermo Fisher Scientific, Inc.) before
being ligated into the TA-cloning site of the pCR2.1 vector
(Invitrogen; Thermo Fisher Scientific, Inc.). The CBF3-FLAG
DNA was then excised from the plasmid by Xbal and Spel
and subjected to the cohesive-end ligation at the Xbal site of
the pRc/CMV plasmid. The sequence of the construct was
analyzed and confirmed by Sanger sequencing using the
3500 Genetic Analyzer (Applied Biosystems; Thermo Fisher
Scientific, Inc.) and BigDye Terminator v1.1 cycle sequencing
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Runx1 and CBFf} are highly homologous between human
and mouse (51). The amino acid sequence of human RUNX1
holds 96.4% sequence identity to that of murine RUNX1
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(accession no. NP_001001890.1 for human RUNXI; accession
no. NP_001104493.1 for murine RUNX1). Similarly, the amino
acid sequence of human CBFp has 98.3% sequence identity to
mouse CBFf (accession no. NP_001746.1 for human CBFf;
accession no. NP_001154930.1 for mouse CBFf). Mouse
RUNXI1 and CBFf can both regulate human transcription of
RUNXI1 target genes, since ectopic human RUNX1 expression
has been previously demonstrated to rescue the hematopoietic
function lost in RUNXI1-deficient mouse cells (23,52,53).
Therefore, RUNX1 and CBFf are considered to be function-
ally interchangeable between humans and mice, at least under
these previous experimental conditions. RUNX1-ETO cDNA
kindly donated by Dr. Misao Ohki (Chromatin Function in
Leukemogenesis Project and Cancer Genomics Division,
National Cancer Center Research Institute, Tokyo, Japan) was
amplified with Kpnl site-linked oligonucleotides (forward,
5'-GGGGTACCGTGATGCCGTATCCCCGTAGATGCC-3'
and reverse, 5-GGGGTACCCTAGCGAGGGGTTGTCTCT
ATGGTG-3") using PrimeSTAR GXL DNA polymerase
(cat. no. RO50A; Takara Bio Inc.) by PCR (98°C for 10 sec,
followed by 30 cycles of 98°C for 10 sec, 60°C for 15 sec, 68°C
for 60 sec, followed by 68°C 5 min). It was then digested by
Kpnl and subcloned into the Kpnl site of the pcDNA3.1 plasmid
(Invitrogen; Thermo Fisher Scientific Inc.). The sequence of
construct was confirmed by Sanger sequencing using 3500
the Genetic Analyzer (Applied Biosystems; Thermo Fisher
Scientific, Inc.) and BigDye Terminator v1.1 cycle sequencing
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.).
pcDNA3.1 and pRc/CMV are both mammalian expression
vectors that express exogenous genes by using the same CMV
promoter and enhancer sequences. Therefore, expression levels
of the exogenous genes following transfection with these
two vectors are considered to be comparable. However, the
pcDNA3.1 plasmid contains more restriction enzyme sites in its
multiple cloning site compared with pRc/CMV. To generate the
pITRAIL PF reporter construct, the human wild-type TRAIL
promoter obtained from the human genome library, a APS
library from human peripheral blood leukocytes (MoBiTec
GmbH) using lambda phage APS vector containing human
genome DNA was inserted into the reporter plasmid pGV-B2,
which contains a firefly luciferase gene (Toyo B-Net Co., Ltd;
https://www.toyo-b-net.co.jp/bio/product-pgv2.html). The
human TRAIL promoter 5'-deletion mutants pTRAIL/-1523,
pTRAIL/-819 and pTRAIL/-165 (40) were kindly donated by
Dr B Mark Evers (Department of Surgery, University of Texas
Medical Branch, Galveston, USA), which were inserted into
the reporter plasmid pGL2m, derived from pGL2-basic by
removal of the cryptic AP-1 site. Site-directed mutagenesis of
the plasmids was performed using PCR-based methods. Mtl,
where the wild-type sequence of ACCACA was changed to
ATAACG and Mt2, where the wild-type sequences TGTGGT
was changed to CGTTAT, were generated by site-directed
mutagenesis (54) as aforementioned. The plasmid was ampli-
fied by inverse-PCR with oligonucleotide primers (Mtl
forward, 5'-GTAGCATGAGAAAAAtaACgTATGGAAGTT
TCAG-3' and reverse, 5'-CTGAAACTTCCATAcGTtaTTTTT
CTCATGCTAC-3' and Mt2 forward, 5'-GAGGCTTAGAGC
TCcGTtaTAGAATGAGGATATG-3' and reverse, 5'-CATATC
CTCATTCTAtaACgGAGCTCTAAGCCTC-3') containing the
planned mutation shown in small letters using PrimeStar GXL

DNA polymerase (cat. no. RO50A; Takara Bio Inc.), before the
template plasmid was destroyed by digestion with Dpnl. These
amplified PCR products underwent spontaneous circularisation
due to the ‘sticky’ 5' ends in the primer sequences. These circu-
larised DNA were used to transform competent DH5a E.coli
cells to produce intact recombinant plasmids. The constructs
were confirmed by Sanger sequencing using the 3500 Genetic
Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.)
and BigDye Terminator vl.1 cycle sequencing kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.).

Cell Culture. HeLa cells (Riken BioResource Center) were
cultured in DMEM (FUJIFILM Wako Pure Chemical
Corporation) with 10% FBS (Sigma-Aldrich; Merck KGaA)
and 2 mmol/l glutamine (Gibco; Thermo Fisher Scientific,
Inc.). The leukemia cell line K562 was cultured in DMEM/
F-12 (FUJIFILM Wako Pure Chemical Corporation)
with 10% FBS and 2 mmol/l glutamine. The Kasumi-1
leukemia cell line (55) carrying t(8;21), which expresses the
RUNXI-ETO fusion protein (kindly provided by Dr. Toshiya
Inaba, Department of Molecular Oncology and Leukemia
Program Project, Research Institute for Radiation Biology and
Medicine, Hiroshima University, Hiroshima, Japan) and KG-1,
an AML cell line without RUNXI1-ETO (Riken BioResource
Center), were cultured in RPMI-1640 with 10% FBS. SKNO-1
leukemia cells carrying the t(8;21) translocation and express
the RUNXI1-ETO fusion protein, were obtained from the
Japanese Collection of Research Bioresources Cell Bank and
cultured in RPMI-1640 supplemented with 10% FBS and
10 ng/ml granulocyte macrophage (GM)-CSF (cat. no. 300-03;
PeproTech, Inc. ). All cells were maintained at 37°C in humidi-
fied air with 5% CO,.

Differentiation of K562 cells. K562 cells were treated with
25 nM TPA (cat. no. P8139; Sigma-Aldrich; Merck KGaA)
for 48 h at 37°C (29), subjected to the centrifugation by
cytospin-preparation at 78 x g for 6 min at room temperature
(Shandon Cytospin 3 Centrifuge; Thermo Fisher Scientific,
Inc.) and then processed with May-Gruenwald-Giemsa
staining (Giemsa for 30 min at room temperature) followed by
light microscopic examination with an Eclipse E800 optical
microscope (Nikon Corporation). The magnification was
x400. The morphological changes of differentiation, including
increased cell size and cytoplasm-to-nucleus ratio, formation
of numerous vesicles and lobulated nuclei, was observed. TPA
was dissolved in DMSO, which was added into control samples
to a final concentration of 0.1% volume of medium.

Luciferase assay. Expression plasmids [RUNX1 in pRe/CMV
(0.75 ug) and CBFp in pRc/CMV (0.25 ug)] and reporter
plasmids (1.25 ug; pTRAIL PF, pTRAIL/-1523, pTRAIL/-819,
pTRAIL/-165, Mtl, Mt2 and pGL2m) were transfected
into 5x10* HeLa and K562 cells using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.). phRL-TK plasmid
(0.0625 ug; cat.no. E6241; Promega Corporation) was co-trans-
fected as an internal control. After incubation at 37°C for 48 h,
the cells were lysed using passive lysis buffer contained in
the Dual-Luciferase® Reporter Assay System (cat. no. E1960;
Promega Corporation). Luciferase activities were measured
using the Dual-Luciferase® Reporter Assay System with a
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luminometer (Lumat LB 9507; Titertek-Berthold). The cell
lysate (20 ul) were mixed with luciferase assay reagent II
(50 ul) and Photinus pyralis luciferase activity was measured
with a luminometer. Stop & Glo reagent (50 ul) was then added
to the mixture and Renilla reniformis luciferase activity driven
by the TK promoter was measured with a luminometer. The
luciferase activities were normalized by the activity of TK.

Transfections. For K562 cells (1x109), the expression
plasmids for RUNX1 in pRc/CMV (3 pg) and for CBFf in
pRc/CMV (2 ug) or RUNXI small interfering RNA (siRNA;
300 pmol) was transfected by electroporation (program T-016
of Nucleofector™ 2b device; Lonza Group, Ltd.) in 100 pl
buffer contained within the AMAXA Cell Line Nucleofector
Kit V (cat. no. VCA-1003; Lonza Group, Ltd.) in a cuvette
equipped with aluminium electrodes of the kit at room
temperature. Nucleofector™ 2b device and AMAXA Cell
Line Nucleofector Kit V were used for the transfection of
K562, Kasumi-1 and KG-1 cells. For Kasumi-1 cells (1x10°),
RUNXI-ETO siRNA (300 pmol) was transfected using
program L-014 of Nucleofector™ 2b in 100 ul RPMI-1640.
For KG-1 cells (1x10°), RUNX1-ETO in pcDNA3.1 plasmid
(2 ng) was transfected using program V-001 of Nucleofector™
2b (Lonza) in 100 x1 RPMI-1640. After electroporation, all
cells were immediately collected with 500 1 RPMI1640
containing 10% FBS as recovery medium at room tempera-
ture. K562 cells were analyzed 48 h after RUNX1 and CBFf}
transfection or 72 h after RUNX1 RNA siRNA transfection
after electroporation. Kasumi-1 and KG-1 cells were analyzed
24 h after electroporation.

RUNXI1 siRNA (assay ID, HSS141472; sense, 5'-UCUGGU
CACUGUGAUGGCUGGCAAU-3" and antisense, 5'-AUU
GCCAGCCAUCACAGUGACCAGA-3') was purchased from
Invitrogen; Thermo Fisher Scientific, Inc. Stealth RNAi™
siRNA Negative Control Hi GC duplex was used as negative
control (cat. no. 12935400; Invitrogen, Thermo Fisher
Scientific, Inc.). Whenever RUNX1 ¢cDNA and CBFf3 cDNA
were transfected, the empty pRc/CMV plasmid was used as
a negative control because RUNX1 cDNA and CBFf3 cDNA
were inserted into this vector.

For luciferase reporter assays, RUNX1 cDNA and CBFf}
cDNA were expressed as effectors. Empty pRc/CMV was
used as the corresponding negative control. RUNXI1-ETO
siRNA was synthesized by Eurofins Scientific (Sense, 5'-CCU
CGAAAUCGUACUGAGAAG-3" and antisense, 5'-UCUCAG
UACGAUUUCGAGGUU-3") and transfected. As a nega-
tive control, Stealth RNAi™ siRNA Negative Control Hi
GC duplex was also used. RUNXI1-ETO c¢cDNA, which was
inserted into the pcDNA3.1 plasmids, had empty pcDNA3.1
as the control vector.

Measurement of mRNA expression. Expression plasmids
were transfected into K562 cells using Nucleofector™
2b. After 48 h, total RNA was isolated from cells using
Isogen (cat. no. 311-02501) or Isogen II (cat. no. 311-07361;
both Nippon Gene Co., Ltd.). cDNA was generated using
SuperScript III (cat. no. 18080044) or IV (cat. no. 18090010)
reverse transcriptases (Thermo Fisher Scientific, Inc.), oligo
(dT),s primer (cat. no. 3805; Takara Bio, Inc.) and dANTP
mixture (cat. no. 4030; Takara Bio, Inc.) at 55°C for 10 min

followed by 80°C for 10 min. cDNA was quantified using
Thunderbird™ SYBR™ gPCR mix (cat. no. QPS-201; Toyobo
Life Science), specific primers synthesized by Eurofins and
StepOnePlus (Thermo Fisher Scientific, Inc.). The thermocy-
cling conditions were 95°C for 10 sec, followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min, then 95°C for 15 sec,
60°C for 1 min and 95°C for 15 sec. Primer sequences are
listed as follows: TRAIL forward, 5'-GAGAGTAGCAGC
TCACATAACT-3' and reverse, 5“-TCATGGATGACCAGT
TCACCATT-3"; RUNX1 forward, 5-CTGAGCCCAGGC
AAGATGAG-3' and reverse, 5'-GTCTTGTTGCAGCGC
CAGTG-3'; CBFf forward, 5"-TCGAGAACGAGGAGTTCT
TCAGGA-3' and reverse, 5'-AGGCGTTCTGGAAGCGTG
TCT-3'; RUNXI1/ETO forward, 5-CACTGTCTTCACAAA
CCCAC-3' and reverse, 5-ATGAACTGGTTCTTGGAGCTC
CTT-3'; DR4 forward, 5-~ACCTTCAAGTTTGTCGTCGTC-3'
and reverse, 5-CCAAAGGGCTATGTTCCCATT-3'; DR5
forward, 5'-GCCCCACAACAAAAGAGGTC-3' and reverse,
5'-AGGTCATTCCAGTGAGTGCTA-3'"; p-actin forward,
5'-GCTGTGCTACGTCGCCCTG-3" and reverse, 5'-GGA
GGAGCTGGAAGCAGCC-3' and GAPDH forward, 5-TGC
ACCACCAACTGCTTAGC-3' and reverse, 5'-GGCATGGAC
TGTGGTCATGAG-3". B-actin and GAPDH were used as the
reference genes. The quantification method used was relative
standard curve (56).

Cell viability assay. The recombinant human soluble TRAIL
protein was a lyophilized powder purchased from PeproTech,
Inc. The recombinant TRAIL was dissolved in water, diluted
in PBS and used for experimentation. Equivalent volumes of
PBS was added in the control groups. Cells were treated with
recombinant human soluble TRAIL for 3 days (at 10, 50, or
100 ng/ml) at 37°C, before cell numbers were counted using a
Biirker-Turk counting chamber (Erma, Inc.) under an Olympus
CK40 inverted light microscope (Olympus Corporation),
capable of phase contrast observation, using x100 magnifica-
tion. Lactate dehydrogenase (LDH) assay was performed using
the Cytotoxicity LDH Assay Kit-WST (cat. no. CK12; Dojindo
Molecular Technologies, Inc.). Collected cells (2x10° cells)
were suspended in PBS with 0.1% Triton X-100 and 10 pg/ml
of propidium iodide (PI) at room temperature for 5 min, before
DNA content was analyzed by BD FACS Canto II and BD
FACSDiva software v6.1.3 (BD Biosciences) (57). TRAIL was
co-treated with 1 mM sodium butyrate (NaB; Sigma-Aldrich;
Merck KGaA), 2 mM VPA (cat. no. 197-09722; FUJIFILM
Wako Pure Chemical Corporation) and 20 M caspase inhib-
itor z-VAD-fmk (cat. no. 3175-v; Peptide Institute, Inc.) for 72 h
at 37°C (37). NaB and VPA were dissolved in distilled water,
whilst z-VAD-fmk was dissolved in DMSO. When zVAD-fmk
was used, solvent DMSO was added in control samples and
the final concentration of DMSO was 0.1% volume of medium.

Preparation of recombinant proteins. To produce hexa-histidine
(Hisy)-tagged RUNXI proteins, partial cDNA encoding the
Runt domain (amino acids 24-189) of mouse RUNXI1b origi-
nally in the pRc/CMV plasmid was amplified by PCR using
PrimeSTAR GXL DNA polymerase (cat. no. RO50A; Takara
Bio Inc.), digested by Kpnl and inserted into the pQE30
plasmid (Qiagen, Inc.). To generate His,-tagged CBFf, full
length mouse CBFf originally in the pRc/CMV plasmid was
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amplified by PCR using PrimeSTAR GXL DNA polymerase
(cat. no. RO50A; Takara Bio Inc.), digested by Kpnl and
inserted into the pET3a vector (Qiagen, Inc.). His,-tagged
proteins of RUNXI containing the Runt domain (amino
acids 24-189) and CBFf were expressed in the XL-I/ Blue
strain of E.coli and resuspended in a buffer (4 ml) containing
0.1 M sodium phosphate, 10 mM Tris, 6 M guanidine-HCI,
0.1% NP-40, 1 mM PMSF and 10 mM 2-mercaptoethanol
and adjusted to Ph 8.0 with 6 N NaOH. The total volume
of the lysate was mixed with 300 ul Ni-NTA agarose beads
(>15 pmol Ni**/ml gel; 50% slurry; cat. no. 145-09681;
FUJIFILM Wako Pure Chemical Corporation) for 1 h at 4°C
and purified using a 100-ml syringe (cat. no. 08-649; Nipro
Medical Corporation) with 0.34 mm chromatography paper
(cat. no. 3030917; Cytiva) as a column. The column was
washed with buffer A plus 0.8 mM imidazole and His-tagged
proteins were eluted at 4°C in buffer B consisting of buffer
A with 250 mM imidazole and 20% glycerol. These proce-
dures were performed as described previously (58). The
eluted proteins (10 ul) were resolved on 12.5% SDS-PAGE
and stained with Coomassie brilliant blue staining. The
His-tagged protein (His-tagged RUNXI1, 18 kDa; His-tagged
CBFp, 21 kDa) amounts were estimated by comparing with
the BSA (66 kDa; Sigma-Aldrich; Merck KGaA) band signal
intensity visually on the SDS-PAGE gel.

Electrophoresis mobility shift assay (EMSA). EMSA was
performed using the LightShift Chemiluminescent EMSA
kit (cat. no. 20148 and 89880; Thermo Fisher Scientific, Inc.).
DNA probes (Eurofins Scientific) were prepared by annealing
the following oligonucleotides: Control (CT), biotin-5'-GTC
TGTGGTTTCTGTGGTTTCTGTGGTTT-3' and 5-AAA
CCACAGAAACCACAGAAACCACAGAC-3"; Wild-type
(WT)I, biotin-5'-GAAAAACCACATATGG-3" and 5'-CCA
TATGTGGTTTTTC-3"; mutant (MT)1, biotin-5-GAAAAA
TAACGTATGG-3" and 5-CCATACGTTATTTTTC-3"; WT2,
biotin-5-AGCTCTGTGGTAGAAT-3' and 5-ATTCTACCA
CAGAGCT-3' and MT?2, biotin-5-AGCTCCGTTATAGAA
T-3" and 5'-ATTCTATAACGGAGCT-3'. The DNA probes
(0.8 pmol) and recombinant His,-tagged RUNX1 (15 ng) and
His¢-tagged CBEp (60 ng) were reacted in 1X binding buffer
(cat. no. 20148A) and 50 ng/ml poly (dI-dC; cat. no. 20148E)
supplied by the manufacturer in a 10-ul reaction volume
at 15°C for 30 min. The reaction mixture was resolved on
a 10% polyacrylamide gel in 0.5X TBE buffer at 4°C and
transferred onto a nylon membrane (cat. no. 10416196;
Cytiva), fixed using a UV cross-linker (UV Stratalinker 2400
(Stratagene; Agilent Technologies, Inc.) under the auto cross-
link condition of 1.2 mJ (x100), 25-50 sec at room temperature
and then reacted with streptavidin-HRP (cat. no. 89880) for
15 min at room temperature. The signal was detected using the
Chemiluminescent substrate solution (cat. no. 89880) using an
ImageQuant LAS 500 (Cytiva).

Bioinformatics analysis. TRAIL expression in bone
marrow samples from patients with AML was analyzed
by surveying the BloodPool: AML samples with normal
cells data set of the BloodSpot (https://servers.binf.
ku.dk/bloodspot/) database (59) using data of GSE42519 (60),
GSE13159 (61,62), GSE15434 (63), GSE61804 (64), GS

E14468 (65-67) and The Cancer Genome Atlas (TCGA)
database (https://www.cancer.gov/about-nci/organization/
ccg/research/structural-genomics/tcga).

Statistical analysis. Experiments were repeated three times
and statistically analyzed using a two-tailed, unpaired
Student's t-test by Microsoft Excel 2016 or 2019 (Microsoft
Corporation) or one-way ANOVA followed by Tukey's
post hoc test by RStudio Desktop 2021.09.1+372 (RStudio;
https://www.rstudio.com). Samples were adjudged to be
significantly different at P<0.05. The results were presented as
the mean + standard deviation.

Results

TRAIL expression is increased after K562 differentiation
induced by TPA stimulation in a RUNXI-dependent manner.
The human leukemia cell line K562 can be induced to differ-
entiate into cells of a megakaryocytic lineage, where RUNX1
expression was found to be upregulated during this process (29).
To investigate if TRAIL expression was also affected by this
differentiation process, K562 cells was stimulated with 25 nM
tetradecanoylphorbol 13-acetate (TPA) for 48 h, following
which morphological changes, including increased cell size
and cytoplasm-to-nucleus ratio, many vesicles and lobulated
nuclei, were observed (Fig. 1A). TRAIL expression was next
measured in these cells. TRAIL expression was significantly
increased after TPA stimulation, which appeared to be at
least partially dependent on RUNXI1 (Fig. 1B), since RUNX1
knockdown significantly reversed the TPA-induced increase in
TRAIL. In the presence of TPA, RUNXI1 expression was also
significantly reduced by transfection with siRNA targeting
RUNX1 compared with that in cells transfected with negative
siRNA (Fig. 1C). The effects of RUNXI1 siRNA transfection
on K562 cell viability and cell cycle progression without TPA
treatment was subsequently examined. RUNX1 siRNA did not
alter cell viability or cell cycle progression compared with those
in cells after control siRNA transfection in this experimental
condition (Fig. S1A and B). In addition, TRAIL transcriptional
induction in K562 cells after differentiation may be dependent
on increased RUNXI1 expression. However, the effects of
RUNXT1 siRNA were negligible without TPA treatment, which
could be explained by the low basal endogenous RUNX1
expression levels in K562 cells.

To verify the dependency of this observed TRAIL tran-
scriptional induction on RUNXI1 expression, mouse RUNX1
was exogenously expressed in K562 cells. The transfection
efficiency of the individual RUNX1 and CBFf plasmids into
K562 cells was first confirmed by the observed increased
RUNX1 and CBFf expression compared with that in their
corresponding control plasmid-transfected cells (Fig. S1C).
The transfection efficiency in K562 cells was ~80%. As shown
in Fig. 1D and E, ectopic expression of mouse RUNX1 along-
side its dimerization partner, CBFf3, into K562 cells resulted
in a significant increase in endogenous TRAIL and RUNX1
mRNA expression. However, the expression of the TRAIL
receptors DR4 and DRS5 was not affected by ectopic RUNX1
and CBFp expression (Fig. S1D). Therefore, these data suggest
that TRAIL expression induction is dependent on RUNX1
expression.
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Figure 1. TRAIL expression is increased after K562 differentiation model in a RUNX1-dependent manner. (A) May-Gruenwald-Giemsa staining of the
TPA-treated K562 cells. The cells were treated with TPA, attached to glass slides using Cytospin 3 and examined using May-Gruenwald-Giemsa staining.
Scale bars, 100 gm. (B and C) RUNXI siRNA was transfected into K562 cells by electroporation. After 24 h, the cells were treated with TPA for 48 h for
differentiation after which the relative expression of (B) TRAIL and (C) RUNX1 was measured by RT-qPCR using actin for normalization. (D and E) RUNX1
and CBFp expression plasmids were co-transfected into K562 cells by electroporation. After 48 h, total RNA was prepared and the relative expression
of (D) TRAIL and (E) RUNX1 was measured by RT-qPCR using actin for normalization. ““P<0.01. TPA, tetradecanoylphorbol 13-acetate; siRNA, small
interfering RNA; RUNXI1, Runt-related transcription factor 1; CBFf, core-binding factor 3; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand;
RT-qPCR, reverse transcription-quantitative PCR.

RUNXI activates the TRAIL promoter. To determine if
RUNXI1 can activate TRAIL transcription through the
TRAIL promoter sequences, promoter constructs of human
TRAIL was subjected to a series of luciferase reporter assays.

Human TRAIL promoter sequences containing 1523 bases
upstream of the transcriptional start site of the TRAIL gene
(Fig. 2A) were cloned as previously described (44), where it
was established that this fragment can function as a regulatory
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cis-element (44). Although the transcription of a number of
TRAIL variants was reported to start ~30 bp downstream of
the start site, the previous report (44) stated the transcription
start site to be at the +1 position of the TRAIL promoter.
Luciferase reporter assay using this DNA fragment of
pTRAIL PF revealed that co-expression with RUNX1 and
its co-factor CBFf} significantly activated the human TRAIL
promoter (Fig. 2B). The transfection efficiency in HeLa cells
was ~30%. Since the effector plasmids and reporter plasmids
were co-transfected into the cells, sufficient signal values were
detected even though the transfection efficiency was low. This
activation occurred in a CBFf-dependent manner, because
ectopic transfection with either CBF or RUNXI1 alone
only weakly and insignificantly activated TRAIL transcrip-
tion, unlike when both were transfected together (Fig. 2C).
Therefore, the RUNX1/CBFf3 combination may function as a
transcription factor complex of the human TRAIL gene. This
is consistent with a previous report, which stated that RUNX1
encodes a DNA-binding subunit of the CBF complex (20,21),
where the CBF complex requires both RUNX1 and CBFf to
fully function as a transcription factor.

Consensus RUNXI sequences on the TRAIL promoter do
not affect RUNXI-mediated TRAIL transcription. RUNX1
functions as a transcription factor by specifically binding to
DNA at the TGT/cGGT consensus sequences (22). As shown
in Fig. 2A, two consensus sites were found in the complete
human TRAIL promoter sequence (Fig. 2A). To analyze if
these sites are important for the regulatory effects of RUNX1
on TRAIL expression, mutations were introduced into these
sites by PCR-based site-directed mutagenesis (Fig. 2D), with
the aim of interfering with RUNX1 binding to these mutated
sequences. Luciferase reporter assays using these mutant
constructs of the 819-bp TRAIL promoter sequences showed
comparable transcriptional activation by RUNX1 between wild
type pTRAIL/-819 and mutant types Mtl and Mt2, indicating
that neither site were important for TRAIL transcriptional
regulation by RUNXI1 (Fig. 2E).

Subsequently, EMSA was performed to directly assess if
RUNXI1 can bind to the promoter sequences used for Fig. 2E.
RUNXT1 was unable to bind to the mutant sequences, including
MT1,MT2 and WT?2 sequences (Fig. 2F). By contrast, RUNX1
protein was found to bind the WT1 sequence (Fig. 2F).
However, this binding was not responsible for the transacti-
vation of TRAIL promoter by RUNX1, since the luciferase
activities of the MT1 construct, which is the corresponding
mutant for WT1, was not affected (Fig. 2E).

To assess if these sequences are dispensable for the tran-
scription control of TRAIL, deletion mutants of the TRAIL
promoter sequences were subjected to luciferase reporter assay
following the ectopic expression of RUNX1 and CBFp. The
transfection efficiency was ~30% in HeLa cells and ~10% in
K562 cells. Luciferase in the deletion construct up to the -819
position was activated by the presence of the RUNX1/CBFf}
transcription factor complex (Fig. 3A and B). Luciferase in
the longer construct containing sequences up to the -1523
position was also activated (Fig. 3A and B). However, tran-
scription of the shorter deletion mutant up to the -165 position
was also activated by RUNX1 and CBFf ectopic expression.
These results were reproducible in both HeLa and K562

cells (Fig. 3A and B). Therefore, these consensus sites were
concluded to be dispensable for the transcriptional activation
of the human TRAIL gene by RUNXI.

TRAIL expression is reduced in leukemia cells with the
RUNXI-ETO protein. The aforementioned findings gave rise
to the investigation into how TRAIL expression is regulated in
cells where RUNX1 function is impaired. TRAIL expression in
patients with t(8;21)AML was next measured. A public database
of gene expression profiles of healthy individuals and patients
with malignant hematopoiesis was analyzed through BloodSpot
database (59) using data of GSE42519 (60), GSE13159 (61,62),
GSE15434 (63), GSE61804 (64), GSE14468 (65-67) and TCGA
database. TRAIL expression was found to be significantly
decreased in AML samples with t(8;21) compared with that in
other-type AML samples or normal cells (Fig. 4A), which were
obtained from the bone marrow.

Next, TRAIL expression in the Kasumi-1 and SKNO-1
t(8;21) AML cell lines, which express the RUNXI1-ETO
chimeric protein and trans-dominantly interfere with normal
RUNXI1 function (6). TRAIL mRNA expression was mark-
edly significantly reduced in Kasumi-1 and SKNO-1 cells
compared with that in the RUNX1-ETO-negative AML cell
line KG-1 (Fig. 4B). RUNXI-ETO knockdown in Kasumi-1
cells significantly increased TRAIL expression compared with
that in cells transfected with the control siRNA (Fig. 4C). The
transfection efficiency was ~65%. In addition, RUNX1-ETO
overexpression in KG-1 cells, which do not contain the
t(8;21) translocation, significantly reduced TRAIL expression
compared with that in cells transfected with the empty plasmid
(Fig. 4D). The transfection efficiency was ~60%. This suggest
that RUNX1-ETO negatively regulates TRAIL expression in
AML cells with t(8;21).

Recombinant TRAIL exerts cytocidal effects on t(8;21)
AML cells. It was subsequently found that treatment with
the exogenous recombinant TRAIL protein suppressed the
proliferation of Kasumi-1 cells. Treatment with the recombi-
nant TRAIL protein for 3 days reduced the number of viable
Kasumi-1 cells whilst increasing LDH release in a TRAIL
concentration-dependent manner (Fig. SA and B), suggesting
that cell death was induced. Cell cycle profiling revealed that
the sub-G, phase fraction of Kasumi-1 cells was increased
whereas the G, phase cell fraction was decreased in a TRAIL
concentration-dependent manner (Fig. 5C). These inhibitory
effects mediated by TRAIL treatment were significantly
reversed by caspase inhibitor ZVAD-fmk treatment, suggesting
that these effects were caused by increasing apoptosis. By
contrast, these inhibitory, possibly apoptotic effects of TRAIL
were significantly and weakly observed in K562 cells, which
have no RUNXI1 mutations (Fig. S2), but was not observed
in KG-1 cells, which are negative for RUNXI-ETO expres-
sion (Fig. S3). Furthermore, another AML cell line, SKNO-1,
which also expresses RUNXI-ETO, was found to have its
viability reduced and sub-Gl1 population increased by exog-
enous TRAIL treatment, which was reversed by zVAD-fmk
treatment (Fig. S4).

Combination of TRAIL and HDACI efficiently kills
Kasumi-1 cells. Inhibition of cell proliferation and increased
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sub-G, Kasumi-1 cell populations were potentiated further
after HDACis NaB or VPA, were combined with TRAIL
(Fig. 6A and B). Since HDACis, including NaB and VPA,
can upregulate DR5 expression and sensitize malignant
human tumor cells such as Jurkat T-cell leukemia, to
TRAIL-induced apoptosis (37), TRAIL signaling appeared to
activate Kasumi-1 cell death. The combination of TRAIL and
HDAC:s was found to exert superior effects on cell viability
reduction and cell death induction compared with those medi-
ated by either alone in a dose-dependent manner in Kasumi-1
cells (Fig. S5).

Therefore, the effects of TRAIL on cell survival likely
depend on the presence of the RUNX1-fusion protein.

Discussion

The present study demonstrated that TRAIL is a novel
target gene of RUNXI, as supported by the observation that
TRAIL expression was increased following TPA-induced
K562 megakaryocytic differentiation, which is dependent on

RUNXI. Previous reports stated that TRAIL is expressed in
megakaryocytes and platelets, where it regulates megakaryo-
cytic development (68-70). However, the upstream regulation
mechanism of TRAIL expression remains unclear. The present
study revealed that RUNXI1 serves as a transcriptional
regulator of TRAIL during leukemia cell differentiation.
Increasing RUNXI1-ETO expression was previously found to
increased TRAIL expression in the RUNX1-ETO-inducible
U937 cell line (48). However, the present study demonstrated
that wild-type RUNXI1 physiologically functioned as a posi-
tive regulator of TRAIL expression whereas RUNXI1-ETO
suppressed TRAIL expression in AML cells harboring t(8;21).
This discrepancy in results may be caused by differences in
the cellular background or experimental system. RUNX1
may indirectly upregulate TRAIL transcription without
dependence on consensus RUNXI1 binding sites in its
promoter region. RUNX1 was previously found to regulate
high mobility group AT-hook 2 promoter activity without
the need for consensus sequences, likely by interacting with
other intermediary factors (71), which supports the findings
from the present study. The RNA sequencing approach should
be applied in future studies to clarify this hypothesis, which
can be used to visualize the network of transcription factors
and signal transduction components within complex cellular
system. This may shed light on the underlying mechanism of
the RUNXI1-TRAIL axis.

A number of transcription factors that can regulate TRAIL
expression have been identified (45-47). The majority of these
transcription factors regulate TRAIL expression by binding to
their DNA sequence in the promoter region (45-47). By contrast,
the present study suggests that RUNXI can be categorized as
a transcription factor that regulates TRAIL expression in an
indirect manner. It will therefore be important to examine if
this indirect mechanism also exists in the expression of other
genes associated with hematopoietic malignancy.

RUNXI1 was initially recognized as a transcription
factor that mediates myeloid functions such as myeloperox-
idase-induction and macrophage-colony stimulating factor
1-receptor upregulation (5,6). Further analyzes suggested that
RUNX1 is also a regulator of T-cell activation (16,17). Previous
studies using RUNXI gene-modified mice demonstrated that
RUNXT serves an essential role in lymphoid function (16,17).
One such finding was that granzyme B (28), which is a secreted
protease that functions as an important effector molecule
of activated cytotoxic T-cells, was identified as a RUNX1
target gene. In the present study, TRAIL was identified to be
another RUNX1 target that functions as an important effector
molecule for lymphoid function. The molecular mechanism of
the immune system related to TRAIL should be investigated
further with focus on the involvement of other members of the
RUNX family.

Elucidation of the molecular mechanisms through which
RUNXI1 expression is induced by TPA stimulation in K562
cells remains a question that needs to be addressed. It has been
extensively reported that RUNX1 has two promoters, proximal
and distal, where this two-promoter organization is strongly
conserved into target genes of the RUNX2 and RUNX3
families through evolution (50,72). Findings from the present
study therefore serves as an initial starting point for further
investigation into the mechanisms involved.
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Figure 4. TRAIL expression is reduced in t(8;21)AML patients and cell lines. (A) BloodSpot revealed that TRAIL expression is lower in the t(8;21) subtype of
AML among other types of leukemia samples analyzed. The expression of TRAIL was analyzed by the Microarray Innovations in Leukemia (MILE) study
GSE13159. (B) RT-qPCR results of RUNXI-ETO and TRAIL expression in Kasumi-1 and SKNO-1 cells compared with KG-1 cells. Data were standardized
by GAPDH expression. (C) RUNXI-ETO expression was knocked down by RUNXI-ETO siRNA in Kasumi-1 cells. In total, 24 h after siRNA transfection,
RUNXI-ETO and TRAIL mRNA levels were analyzed by RT-qPCR. Data were standardized by GAPDH expression. (D) After 24 h of RUNXI-ETO over-
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Figure 5. Recombinant TRAIL treatment inhibits the proliferation of the RUNXI-ETO-expressing Kasumi-1 leukemia cells. (A-C) Kasumi-1 cells (1x10%)
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TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.

Since TRAIL preferentially kills cancer cells such as
colon, lung, breast, central nervous system, skin and kidney
cancers, recombinant TRAIL has been considered to be a
promising anti-cancer agent (73). Although several types of
malignancies remain resistant to TRAIL, induction of its
receptor DR5, may also be a viable option for sensitizing these

tumor cells to TRAIL (37,74,75). The present study in conjunc-
tion with BloodSpot data revealed that TRAIL expression is
reduced in t(8;21) AML samples, suggesting that RUNX1
mutations caused the TRAIL downregulation. Furthermore,
compensation of TRAIL expression reduced cell viability in
Kasumi-1 and SKNO-1 cells, both of which carry the t(8;21)
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Figure 6. Combination of TRAIL and HDAC inhibitors efficiently kills Kasumi-1 cells. (A and B) Kasumi-1 cells were treated with 100 ng/ml of TRAIL and/or
HDAC inhibitors (1 mM NaB or 2 mM VPA) for 3 days. (A) Cell numbers were counted using the Biirker-Turk counting chamber. (B) Cell cycle profiling
was analyzed by flow cytometry. “P<0.01. TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; HDAC, histone deacetylase; VPA, valproic acid.

translocation. By contrast, the WT RUNXI-expressing AML K562 were resistant to TRAIL treatment. K562 was previously
cell line KG-1 and the chronic myelogenous leukemia cell line  reported to be resistant to TNF-o whereas NK cells caused
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K562 cell death (76). This suggest that K562 cells possess
a common mechanism of death ligand resistance. Death
ligands, such as TNF-a, can not only induce apoptosis, but
can also induce cell proliferation depending on the receptor
profile (77). Although TRAIL may also confer such a property,
in the present study TRAIL only reduced cell viability and cell
cycle progression. The possible proliferative effect of TRAIL
warrants further investigation, especially in a clinical setting.
In the present study, sub-G, analysis was used to evaluate cell
death, which was also previously used to analyze TRAIL
function (37,55,64,65). Annexin V/PI staining is an alternative
method that can be used to assess cell death, which distin-
guishes between apoptosis and necrosis. To confirm apoptosis
induction in detail, Annexin V/PI assay accompanied by
sub-G; analysis should be performed and is a limitation of the
present study.

The sensitivity of Kasumi-1 to TRAIL was found to
be increased by the combined treatment with HDAC:.
Cell viability assay was performed to assess the effects
of TRAIL alongside different concentrations of HDAC:is,
which found that cell viability was reduced by combined
treatment. HDACis was previously reported to upregulate
TRAIL receptor expression and sensitize target cells to
TRAIL-induced apoptosis in Jurkat cells. In addition,
HDACis may regulate the oncogenic pathway to induce
AML cell death because RUNX1-ETO can bind to HDACs to
abrogate the normal transcriptional function of RUNX1 (38).
It is therefore important to analyze TRAIL function in
normal myeloid/lymphoid development and to evaluate the
possibility of TRAIL as a novel treatment method for this
type of leukemia. However, the lack of in vivo validation is a
limitation of the present study. To elucidate the mechanism
of malignant transformation and therapy of AML, further
in vivo analysis is required. In addition, results from clinical
trials testing the effects of TRAIL on AML are expected to
yield promising results.

Taken together, the present study demonstrated TRAIL to
be a transcriptional target of RUNXI1, where the effects are
likely to be indirect. Additionally, TRAIL treatment may be
useful for inducing apoptosis on leukemia cells that expresses
the RUNX1-ETO mutant. The present study therefore provides
novel insights into the regulation of TRAIL expression and
roles of the transcription factor RUNXI.
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