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Chronic myeloid leukemia (CML) is triggered by t(9;22)(q34;q11.2) translocation, leading to the formation of the 
BCR-ABL1 fusion gene.  Although the development of BCR-ABL1 tyrosine kinase inhibitors (TKIs) has dramatically 
improved the prognosis of CML, the disease could often relapse, presumably because leukemic stem cell fraction of 
CML (CML-LSC) may reside in specific niches, and also acquire an ability to resist the cytotoxic agents.  Recently a 
study indicated that pharmacological inhibition of plasminogen activator inhibitor-1 (PAI-1, also known as 
SERPINE1) would cause detachment of CML-LSCs from their niche by inducing maturation of membrane-type 
matrix metalloprotease-1 (MT1-MMP), leading to increased susceptibility of CML-LSCs against TKIs.  However, the 
direct antitumor effect of PAI-1 inhibition in CML remains unclear.  Because PAI-1 mRNA expression was lower in 
CML cell line (K562) than bone marrow mononuclear cells derived from CML patients, we established K562 cell 
clones stably expressing exogenous PAI-1 (K562/PAI-1).  We found that TM5614 treatment significantly suppressed 
cell proliferation and induced apoptosis in K562/PAI-1 cells, accompanied by increased activity of Furin protease, 
which is a known target of PAI-1.  Besides processing mature MT1-MMP, Furin is in charge of cleaving the NOTCH 
receptor to form a heterodimer before exporting it to the cell surface membrane.  In K562/PAI-1 cells, TM5614 
treatment increased NOTCH1 intracellular domain (NICD) protein expression as well as NOTCH1 target of HEY1 
mRNA levels.  Finally, forced expression of either Furin or NICD in K562/PAI-1 cells significantly inhibited cell 
proliferation and induced apoptosis.  Collectively, PAI-1 inhibition may have an antitumor effect by modulating the 
Furin/NICD pathway.
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Introduction
BCR-ABL1 is a constitutively active, chimeric tyro-

sine kinase that arises from a reciprocal translocation 
between chromosome 9 and 22, t(9;22)(q34;q11.2), which 
is characteristic of Philadelphia chromosome-positive leu-
kemia (Nowell and Hungerford 1960).  Depending on the 
breakpoint on chromosome 22 at the BCR (breakpoint clus-
ter) gene, three major isoforms of BCR-ABL1 can be pro-
duced, namely, the 185kDa, 210kDa, and 230kDa proteins 
typically found in acute lymphocytic leukemia, chronic 
myeloid leukemia (CML), and chronic neutrophilic leuke-

mia, respectively (Walker et al. 1987; Pane et al. 1996; 
Amarante-Mendes et al. 2022).  In all cases, the first exon 
of ABL1 (ABL proto-oncogene 1) on chromosome 9 is 
replaced by one of the BCR sequences.

CML is thought to be caused by stem cell transforma-
tion by the BCR-ABL1 fusion gene (Nowell and 
Hungerford 1960).  The development of BCR-ABL1 tyro-
sine kinase inhibitors (TKIs), such as imatinib, has signifi-
cantly improved CML prognosis (Druker et al. 2006; 
Hochhaus et al. 2017).  Nevertheless, one of the major limi-
tations of TKI therapy is the persistence of leukemia stem 
cells (LSCs) in the general patient population, which means 
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that only a small proportion of patients can maintain treat-
ment-free remission after stopping TKI treatment (Etienne 
et al. 2017).  It has been hypothesized that CML-LSCs may 
possess the unique ability to resist cytotoxic agents in their 
specific niche (Bhatia et al. 2003; Huntly and Gilliland 
2005; Corbin et al. 2011).

To overcome the limitation of CML-LSCs, it is 
expected that a novel therapeutic strategy will be devel-
oped.  Several studies have recently focused on the inhibi-
tion of plasminogen activator inhibitor-1 (PAI-1, also 
known as SERPINE1) activity.  PAI-1 is a proteolytic 
enzyme inhibitor found in vascular endothelial cells, the 
liver, platelets, and adipocytes, and is released into the 
bloodstream as a result of vascular endothelial damage and 
platelet disruption (Van De Craen et al. 2012).  PAI-1 regu-
lates the fibrinolytic response by specifically and immedi-
ately inhibiting urokinase/tissue-type plasminogen activa-
tor, which aids in the production of plasmin to dissolve 
formed clots (Ghosh and Vaughan 2012; Ismail et al. 2021).  
Additionally, PAI-1 inhibits the activity of Furin proprotein 
convertase, which is a family of serine proteases that are 
involved in the posttranslational processing and activation 
of a wide range of regulatory proteins (Bernot et al. 2011).  
PAI-1 inhibits Furin-dependent processing from pro-MT1-
MMP (membrane-type I matrix metalloprotease) to MT1-
MMP in hematopoietic stem cells (HSCs).  Because MT1-
MMP destroys pericellular matrix proteins and several 
adhesion molecules required for anchoring HSCs from their 
niche, inhibiting PAI-1 activity may promote HSC motility, 
resulting in HSC detachment from their niche (Yahata et al. 
2017).  Intriguingly, a recent study indicated that the PAI-1 
inhibitor augmented motility of CML-LSCs through similar 
mechanisms, which may lead to increased sensitivity to the 
TKIs (Yahata et al. 2021).  Nevertheless, the potential direct 
antitumor effect of PAI-1 inhibition in CML remains to be 
elucidated.

Hence, in the present study, we assessed the effect of 
the PAI-1 inhibitor (TM5614) on the basis of K562 CML 
cells.

Materials and Methods
Clinical sample

After obtaining written informed consent, bone mar-
row samples were obtained from seven patients (Table 1) 
with CML in the chronic phase.  Fresh bone marrow sam-
ples were overlaid on Ficoll-Paque PLUS to obtain bone 
marrow mononuclear cells (GE Healthcare, Uppsala, 
Sweden).  Samples were centrifuged at 1,500 rpm for 30 
min at room temperature.  After removing the upper layer, 
the mononuclear cells were obtained and were used for the 
analyses.

The genetic analysis was approved by the Ethical 
Committee of Tohoku University Graduate School of 
Medicine (Approval No. 2021-1-805), and was in accor-
dance with the Helsinki Declaration.

Cell culture
In a humidified incubator at 37°C with 5% CO2, the 

K562 human CML cell line was grown in RPMI-1640 
medium containing 10% fetal bovine serum (Biowest, 
Miami, FL, USA) and 1% penicillin-streptomycin (Sigma, 
St. Louis, MO, USA).

PAI-1 inhibitor
TM5614 was dissolved with dimethyl sulfoxide 

(Sigma), and used to inhibit PAI-1 activity (Yamaoka et al. 
2018).  In this study, TM5614 was treated at a concentra-
tion of 62.7 µM, which was calculated on the basis of aver-
age maximum plasma concentration (Cmax: 28 µg/mL) by 
repeated-dose study (120 mg/day, 7 days).

Retroviral overexpression of PAI-1
Retroviral overexpression of FOG1 and GATA-2 was 

conducted using pBABE-puro vector (Fujiwara et al. 2017).  
The retroviral vector and the env (envelope glycoprotein) 
gene from the vesicular stomatitis virus (VSV-G) were 
cotransfected into PLAT-GP Packaging Cell Lines with 
FuGene HD (Promega, Madison, WI, USA).  Seventy-two 
hours after transfection, the viral supernatant was used for 
infection.  After spin infection into K562 cells at 3,400 rpm 

Table 1.  Patients list of chronic myelogenous leukemia (CML).

No. Sex Age CML 
stage WBC(/μL) Hb(g/dL) PLT(/μL) LD(U/L)

(124-222)

1 M 71 CP   44,800 12.1 515,000   589
2 F 65 CP 142,900 10.8 934,000   775
3 M 34 CP   50,000 15.7 457,000   502
4 F 61 CP   16,600 13.4 389,000   451
5 M 63 CP   14,800 14.1 334,000   286
6 M 28 CP   78,600 14.4 348,000 1,157
7 F 28 CP   30,500 12.7 686,000   445

CP, chronic phase; WBC, white blood cell; Hb, hemoglobin; PLT, platelet; LD, lactate dehydro-
genase. 
Reference values of LD are shown in the parentheses.
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for 2 h, the cells were cultured with the medium containing 
1 µg/mL Puromycin (Sigma) for selection of the transduced 
cells.  Single-cell clones were subsequently isolated with 
the limiting dilution method.

Real-time quantitative reverse transcription-polymerase 
chain reaction (RT-PCR)

Total RNA was purified using TRIzol (Invitrogen, 
Waltham, MA, USA), and 1 μg of purified total RNA was 
used to synthesize complementary DNA (cDNA) with 
ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, 
Japan).  Reaction mixtures (20 μL) for real-time quantita-
tive RT-PCR comprised 2 μL of cDNA, 10 μL of Quantitect 
SYBR Green PCR Master Mix (QIAGEN, Venlo, 
Netherlands), and appropriate primers.  Product accumula-
tion was monitored by measuring SYBR Green fluores-
cence and normalized relative to GAPDH messenger RNA 
(mRNA).  Table 2 shows the sequences for primers.

To calculate mRNA expression levels, an amplified 
cDNA fragment of each gene was cloned into the 
pGEM™-T Easy Vector (Promega) and was used as an 
internal standard in quantitative RT-PCR.  The plasmid 
copy number was calculated as follows: copy number 
(copy/μL) = 6.02 × 1023 × [plasmid DNA concentration (μg/
μL)] × 10−6 / [total plasmid size (base pair)] × 660, as 
described previously (Fujiwara et al. 2014).

Flow cytometry
Cells were analyzed using a FACSAria II flow cytom-

eter (Becton Dickinson, Franklin Lakes, NJ, USA), and 
data were analyzed using FACSDiva (Becton Dickinson) or 
FlowJo software (TreeStar, Ashland, OR, USA).

Cells were washed with cold phosphate-buffered saline 
and resuspended in Annexin V Binding Buffer (eBiosci-

ence, San Diego, CA, USA) before being incubated with 
APC-Annexin V (eBioscience) and propidium iodide for 
fluorescence-activated cell sorting (FACS)-based apoptosis 
analysis (PI; eBioscience).  Cell proliferation was measured 
with an APC BrdU Flow Kit (BD Pharmingen, San Jose, 
CA, USA), as previously described (Saito et al. 2019).  
Antihuman MMP-14/MT1-MMP antibody (clone 128527; 
R&D systems, Minneapolis, MN, USA) was used to detect 
cell surface MT1-MMP.

Microarray analysis
Human Oligo chip 25k (Toray, Tokyo, Japan) was used 

for expression profiling (Saito et al. 2019).  For global nor-
malization, the background value was subtracted and subse-
quently adjusted to the average signal value of 25.  We 
selected genes showing > 100 of global normalization.  
Metascape (https://metascape.org) was used for GO analy-
sis (Zhou et al. 2019).  The microarray data was deposited 
at Tohoku University Repository (http://hdl.handle.
net/10097/00134680).

Assays for PAI-1 and Furin
Cellular PAI-1 concentrations were determined using 

the Human PAI1 SimpleStep ELISA® Kit (SERPINE1) 
(Abcam, Cambridge, UK), and enzymatic activities for 
PAI-1 and Furin were determined using the Human PAI1 
ELISA Kit and the SensoLyte® Rh110 Furin Activity Assay 
Kit-Fluorimatric (ANASPEC, Fremont, CA, USA), respec-
tively.

Western blotting
Whole-cell extracts were used for Western blotting, as 

previously described (Fujiwara et al. 2017).  The following 
primary antibodies were used: α-Tubulin (CP06; EMD-
Millipore, Billerica, MA, USA), NOTCH1 (clone D1E11; 
Cell Signaling Technologies, Danvers, MA, USA), and 
FURIN (Abcam).

Statistical analyses
Statistical significance was assessed using a two-sided 

Student’s t-test. In all analyzes, p < 0.05 was considered 
statistically significant.

Results and Discussion
Establishment of K562 cells stably expressing exogenous 
PAI-1

The purpose of this study was to evaluate the potential 
antitumor effect of PAI-1 inhibition (TM5614) in CML.  We 
used K562 cells, a widely used cell line derived from CML 
patients, in this study (Collins et al. 1977).  First, we used 
quantitative RT-PCR to assess the level of PAI-1 expression 
in K562 cells and primary bone marrow mononuclear cells 
derived from CML patients at the time of diagnosis (Table 
1).  PAI-1 mRNA expression levels were significantly 
higher in primary CML samples than in K562 cells, as 
shown in Fig. 1A.  Although the impact of endogenous 

Table 2.  Oligonucleotide primers for RT-PCR.

Gene Direction Sequence (5' → 3')

PAI-1 Forward AGCAGCTATGGGATTCAAGATT
Reverse GGTGCTGATCTCATCCTTGTT

HES1 Forward GGACATTCTGGAAATGACAGTG
Reverse GTCACCTCGTTCATGCACTC

HEY1 Forward GCTAAGCTAGAAAAAGCCGAGA
Reverse CCAAACTCCGATAGTCCATAGC

NOTCH1 Forward TACAAGTGCAACTGCCTGCT
Reverse AGCTCTCATAGTCCTCGGATTG

NOTCH2 Forward TACTGTGACAGCCTGTATGTGC
Reverse GGGCAGTCATCAATATTCCTCT

NOTCH3 Forward CGCGTGGCTTCTTTCTACT
Reverse GTGTCACAGATAGCATCCTCGT

NOTCH4 Forward GTCCTCCCTCCTTCTGTTCC
Reverse TGGAAGCATCGTTGACATC

GFI1B Forward CTGGAGCAGGACCAGAACTT
Reverse CCAGGAGAAGCTAGGCTTGTAG
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PAI-1 expression levels on CML biology is unknown, we 
established two independent K562 clones stably expressing 
exogenous PAI-1 (PAI-1/K562-1 and PAI-1/K562-2) (Fig. 
1B).  We further confirmed increased cellular PAI-1 protein 
levels (Fig. 1C) as well as PAI-1 activity (Fig. 1D) in PAI-1 
expressing clones than blank vector expressed control cells 
(pBABE/K562-1 and pBABE-2/K562-2).  In this study, we 
used PAI-1 overexpressed K562 cell clones as CML models 
for further analyses.

TM5614 treatment suppresses proliferation and induces 
apoptosis of CML cells

We assessed the effect of the PAI-1 inhibitor (TM5614) 
on CML cells.  Cells were treated with TM5614 in PAI-1/
K562-1 and PAI-1/K562-2 cells at a concentration of 
62.7 μM, applying the dosages based on Cmax via repeated-

dose study (data not shown).  On day 3 of TM5614 treat-
ment, we confirmed reduced PAI-1 concentration (Fig. 2A) 
and PAI-1 activity (Fig. 2B).  As shown in Fig. 2C, inhibit-
ing PAI-1 significantly reduces CML cell proliferation, 
which is accompanied by an increase in the cell cycle regu-
lator p21 (Fig. 2D).  The frequency of Annexin V-positive 
cells was then determined using FACS, which reflected the 
expression of the apoptosis marker phosphatidylserine 
(Segawa and Nagata 2015).  The rates of early and late 
apoptosis processes, as measured by PI-Annexin V+ and 
PI+Annexin V+, respectively (Fig. 3A), were significantly 
increased (Fig. 3B).  To estimate the molecular mechanisms 
of suppressed proliferation as well as increased apoptosis 
by PAI-1 inhibition, we conducted an expression profiling 
analysis on the basis of TM5614-treated PAI-1/K562-1 
cells.  TM5614 treatment caused a more than 1.5-fold 

Fig. 1.  Establishment of K562 cells stably expressing exogenous PAI-1.
(A) Quantitative RT-PCR analysis of human PAI-1 gene expression in K562 cells and bone marrow samples derived 
from CML patients.  (B, C, D) Quantitative RT-PCR analysis of human PAI-1 gene expression (B), intracellular PAI-1 
concentration (C), and PAI-1 activity (D) in two independent K562 clones stably expressing exogenous PAI-1 (PAI-1/
K562-1, PAI-1/K562-2), as well as blank vector expressed control clones (pBABE/K562-1, pBABE-2/K562-2) (n = 3, 
mean ± standard deviation, SD).  *p < 0.05, **p < 0.01, ***p < 0.001.



Antitumor Effect of TM5614 on CML 215

upregulation of 129 genes and downregulation of 53 genes 
(http://hdl.handle.net/10097/00134680).  Myeloid leukocyte 
activation, the NF-kappa B signaling pathway, and mito-

chondrion organization were all significantly enriched in 
the GO analysis (Fig. 4A, B).  We discovered that TM5614 
treatment increased the expression of PU.1 (also known as 

Fig. 2.  TM5614 treatment suppressed proliferation of CML cells.
(A, B) Intracellular PAI-1 concentration (A) and PAI-1 activity (B) in TM5614-treated PAI-1/K562-1 and PAI-1/K562-2 
cells (n = 3, mean ± SD).  (C) Changes in cell proliferation after TM5614 treatment in PAI-1/K562-1 and PAI-1/K562-2 
cells.  (D) Western blotting to detect p21 protein in TM5614-treated PAI-1/K562-1 and PAI-1/K562-2 cells. α-Tubulin 
was used as a loading control.  *p < 0.05, **p < 0.01, ***p < 0.001.
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SPI1), a gene associated with myeloid leukocyte activation 
(http://hdl.handle.net/10097/00134680).  PU.1 is known as 
a myeloid-lymphoid-promoting transcription factor (Scott 
et al. 1994; Fujiwara et al. 2017).  A previous study indi-
cated that forced PU.1 expression reduced growth rates of 
K562 cells (Delgado et al. 1998).  While the effect of 
TM5614 in regulating NF-kappa B signaling remains elu-
sive, this pathway is involved in BCR-ABL1-mediated leu-
kemogenesis (Carrà et al. 2016), and also associated with 

cell death of CML cells (Lounnas et al. 2009).  Additionally, 
we observed significant downregulation of several anti-
apoptotic genes associated with mitochondrion organiza-
tion, including HSPA1A (HSP70) (Mosser et al. 2000), 
SOD1 (Zelko et al. 2002), and HSP90AA1 (Niu et al. 2021) 
(http://hdl.handle.net/10097/00134680), which may con-
tribute to the increased apoptosis caused by TM5614 treat-
ment.  As described later, we focused on Furin/NOTCH 
signaling pathway as an important downstream effector of 

Fig. 3.  TM5614 treatment induced apoptosis of CML cells.
(A) Apoptosis assay by TM5614-treated PAI-1/K562-1 and PAI-1/K562-2 cells (Representative data are shown).  (B) 
Percentage of early apoptosis (PI-negative and Annexin V-positive) and late apoptosis (PI-positive and Annexin V-posi-
tive) are summarized (n = 3, mean ± standard error, SE).  *p < 0.05, **p < 0.01, ***p < 0.001.
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TM5614.  However, the analysis failed to identify signifi-
cant enrichment of genes involved in the Furin/NOTCH 
signaling pathway.  It might be possible that altered myeloid 
gene pathway derived from the pathway analysis could 
reflect the activation of NOTCH signaling by TM5614.  
Nonetheless, to determine how PAI-1 inhibition affects 
CML biology, more research is needed.

Elucidation of the molecular mechanisms by which TM5614 
exerts anti-tumor activity in CML cells

PAI-1 is known as an intracellular inhibitor of Furin 
activity (Bernot et al. 2011).  We noticed that protein levels 
of Furin were moderately induced by TM5614 treatment 
(Fig. 5A).  In addition, we demonstrated that PAI-1 inhibi-
tion by TM5614 significantly augmented Furin activity in 
both PAI-1/K562-1 and PAI-1/K562-2 cells (Fig. 5B).  The 
previous study demonstrated that Furin is responsible for 
processing from pro-MT1-MMP to MT1-MMP in HSCs 
(Yahata et al. 2017), and we confirmed that TM5614 treat-
ment increased cell surface MT1-MMP expression levels 
(Fig. 5C).

Then, we looked to see if increased Furin activity 

could mimic the effect of TM5614 in CML cells.  We over-
expressed Furin in PAI-1/K562-2 cells for this purpose (Fig. 
6A) and confirmed increased Furin activity (Fig. 6B).  
Enhanced Furin activity significantly suppressed cell prolif-
eration (Fig. 6C), and increased the rate of late apoptosis 
(Fig. 6D, E).  These findings suggested that inhibiting PAI-1 
increased Furin activity, suppressing proliferation and 
inducing apoptosis in CML cells.  Besides Furin, PAI-1 
could inhibit other serine proteases, such as urokinase/tis-
sue-type plasminogen activator (Ismail et al. 2021), which 
are essential regulatory proteins of the fibrinolytic system.  
However, the impact of the altered fibrinolytic activity on 
CML biology has yet to be determined.  It has been known 
that Furin is involved in NOTCH signaling, which regulates 
cell fate as well as other fundamental processes such as 
hematopoiesis (Wu and Bresnick 2007; McCarter et al. 
2018).  Furin’s proteolytic activity is responsible for pro-
cessing the NOTCH receptor into a heterodimer, which is 
then exported to the cell surface membrane.  When the 
Notch receptor interacts with its ligands on neighboring 
cells, it activates NOTCH signaling by releasing the 
NOTCH intracellular domain via γ-secretase-mediated pro-

Fig. 4.  Gene ontology enrichment analysis of dysregulated genes by TM5614 treatment in exogenous PAI-1-expressed K562 
cells.
Enrichment heatmap of genes (A) upregulated and (B) downregulated using TM5614 treatment. We focused on genes 
showing > 1.5-fold changes.
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Fig. 5.  TM5614 treatment augmented Furin activity in CML cells.
(A) Furin activity in TM5614-treated PAI-1/K562-1 and PAI-1/K562-2 cells (n = 3, mean ± SD).  (B) Western blotting 
to detect Furin protein in TM5614-treated PAI-1/K562-1 and PAI-1/K562-2 cells.  α-Tubulin was used as a loading con-
trol.  (C) Changes of the frequency of MT1-MMP-positive cells by TM5614 treatment in PAI-1/K562-1 and PAI-1/
K562-2 cells.  *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6.  Furin overexpression suppressed proliferation and induced apoptosis of CML cells.
(A) Western blotting to confirm Furin overexpression based on PAI-1/K562-2 cells.  α-Tubulin was used as a loading 
control.  (B) Furin activity in control and Furin-overexpressed PAI-1/K562-2 cells (n = 3, mean ± SD).  (C) Changes in 
cell proliferation by Furin overexpression in PAI-1/K562-2 cells.  (D) Apoptosis assay by Furin-overexpressed PAI-1/
K562-2 cells (Representative data are shown).  (E) Percentage of early apoptosis (PI-negative and Annexin V-positive) 
and late apoptosis (PI-positive and Annexin V-positive) are summarized (n = 3, mean ± SE).  *p < 0.05, **p < 0.01, 
***p < 0.001.
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Fig. 7.  TM5614 treatment induced NICD levels in CML cells.
(A) Quantitative RT-PCR analysis of human NOTCH1, NOTCH2, NOTCH3, and NOTCH4 gene expression PAI-1/
K562-1and PAI-1/K562-2 cells (n = 3, mean ± SE).  (B) Western blotting to detect NICD in TM5614-treated PAI-1/
K562-1 and PAI-1/K562-2 cells. α-Tubulin was used as a loading control.  (C) Quantitative RT-PCR analysis of human 
HES1 and HEY1 expression in TM5614-treated PAI-1/K562-1 and PAI-1/K562-2 cells (n = 3, mean ± SE).  (D) Western 
blotting to detect NICD in Furin-overexpressed PAI-1/K562-2 cells (used in Fig. 6A).  α-Tubulin was used as a loading 
control.  (E) Quantitative RT-PCR analysis of human HES1 and HEY1 expression in Furin-overexpressed PAI-1/K562-2 
cells (n = 3, mean ± SE).  *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 8.  NICD overexpression suppressed proliferation and induced apoptosis of CML cells.
(A) Western blotting to confirm NICD overexpression based on PAI-1/K562-2 cells.  α-Tubulin was used as a loading 
control.  (B) Quantitative RT-PCR analysis of human HES1 and HEY1 expression in NICD-overexpressed PAI-1/K562-
2 cells (n = 3, mean ± SE).  (C) Changes in cell proliferation by NICD overexpression in PAI-1/K562-2 cells.  (D) 
Apoptosis assay by NICD-overexpressed PAI-1/K562-2 cells (representative data are shown).  (E) Percentage of early 
apoptosis (PI-negative and Annexin V-positive) and late apoptosis (PI-positive and Annexin V-positive) are summarized 
(n = 3, mean ± SE).  *p < 0.05, **p < 0.01, ***p < 0.001.
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teolytic cleavage.  The NICD enters the nucleus and acti-
vates target genes like HES1 and HEY1 (Wu and Bresnick 
2007; McCarter et al. 2018).  Mammalian NOTCH recep-
tors (NOTCH1, 2, 3, and 4) make up the mammalian 
NOTCH system (Wu and Bresnick 2007; McCarter et al. 
2018).  Thus, we compared the expression levels of 
NOTCH receptors in CML cells.  As shown in Fig. 7A, 
NOTCH1 was abundantly expressed in both PAI-1/K562-1 
and PAI-1/K562-2 cells, whereas NOTCH3 and NOTCH4 
expression levels were low to almost undetectable in these 
cells.  Hence, we evaluated the expression level of NICD 
derived from NOTCH1 intracellular domain (NICD), dem-
onstrating that TM5614 treatment resulted in increased 
expression levels of NICD in both PAI-1/K562-1 and 
PAI-1/K562-2 (Fig. 7B), and concomitantly, the expressions 
for HES1 and HEY1 were also significantly upregulated by 
the treatment (Fig. 7C).  Also, when Furin was overex-
pressed in PAI-1/K562-2 cells (Fig. 6A), we confirmed the 
accumulation of NICD (Fig. 7D) and increased expression 
for HES1 and HEY1 (Fig. 7E).  Moreover, we overex-
pressed NICD in PAI-1/K562-2 cells (Fig. 8A) and found 
increased HES1 and HEY1 expression (Fig. 8B).  We found 
significantly suppressed cell proliferation (Fig. 8C) and sig-
nificantly increased late apoptosis (Fig. 8D, E) by NICD 
overexpression, which was consistent with the findings 
based on Furin overexpression in CML cells (Fig. 6).  
Taken together, PAI-1 inhibition could exert an antitumor 
effect partly by modulating Furin/NICD pathway.

We demonstrated that TM5614 treatment in PAI-1/
K562 cells significantly increased both early and late apop-
totic cells (Fig. 3B), while either Furin or NICD overex-
pression induced only the rate of late apoptosis (Fig. 6D, E), 
seemingly inconsistent findings.  Early apoptosis is associ-
ated with sudden removal of the survival signals or disasso-
ciation from neighboring cells, and subsequently moves 

into late apoptosis, when the plasma membrane becomes 
permeabilized (Poon et al 2010).  In our analysis, Furin and 
NICD were stably overexpressed in the PAI-1/K562-2 cells, 
which might preclude the sensitive detection of early apop-
totic cells.  To address the issue, an establishment of induc-
ible overexpression system of either Furin or NICD would 
be preferred.

NOTCH1 is also known as a major oncogene because 
activating NOTCH1 mutations are found in the majority of 
patients with T-cell acute lymphoblastic leukemia (T-ALL) 
(Grabher et al. 2006).  Furthermore, mice constitutively 
expressing NICD develop T-ALL (Thandapani et al. 2022).  
A previous study, conversely, found that NOTCH1 signal-
ing could inhibit the growth of K562 cells (Yin et al. 2009), 
which was consistent with our findings.  Nevertheless, the 
molecular mechanism by which NOTCH1 signaling has 
seemingly opposing biological effects remains unknown.  
Another study found that inhibiting NOTCH signaling in 
mouse HSCs caused an abnormal accumulation of granulo-
cyte/monocyte progenitors as well as the induction of a 
chronic myelomonocytic leukemia-like phenotype (Klinakis 
et al. 2011), indicating that NOTCH signaling may exert 
tumor-suppressor function in the context of myeloid leuke-
mia.  The study further indicated that NOTCH signaling 
suppressed an extensive myeloid gene expression through 
the induction of the transcriptional repressor HES1 
(Klinakis et al. 2011).  Among the NOTCH1-suppressed 
myeloid genes, we focused on the GFI1B gene, which 
encodes a transcription factor responsible for the develop-
ment of megakaryocytes, platelets, and erythrocytes 
(Beauchemin and Möröy 2020).  A previous study indicated 
that silencing of GFI1B is associated with antileukemic 
effects against K562 cells as well as primary CML cells 
(Koldehoff et al. 2013).  Intriguingly, our expression profil-
ing analysis identified GFI1B downregulation via TM5614 

Fig. 9.  Activation of NOTCH signaling suppressed GFI1B expression in CML cells.
Quantitative RT-PCR analysis of human GFI1B expression in TM5614-treated PAI-1/K562-1 and PAI-1/K562-2 cells 
(A) and Furin- or -NICD-overexpressed PAI-1/K562-2 cells (B) (n = 3, mean ± SE).  *p < 0.05, **p < 0.01, ***p < 
0.001.
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treatment (http://hdl.handle.net/10097/00134680), and 
quantitative RT-PCR analysis confirmed the downregula-
tion of GFI1B in TM5614-treated CML cells (Fig. 9A) as 
well as Furin- or NICD-overexpressed CML cells (Fig. 9B).  
Consequently, we hypothesize that activating NOTCH sig-
naling has an antileukemic effect on CML cells, at least in 
part by suppressing key myeloid-related genes such as 
GFI1B.  Nevertheless, additional studies, such as expres-
sion profiling with NICD-induced CML cells, would be 
required to reveal the detailed molecular mechanism.

There are several limitations in this study.  One limita-
tion of the study is that an in vitro experiment based on 
CML primary culture would be preferable for testing the 
effect of TM5614.  We are unable to obtain additional clini-
cal samples for the experiments due to a lack of available 
resources.  Additionally, the potential toxicity of TM5614 
against normal hematopoietic cells has not been evaluated.  
In this regard, PAI-1 inhibitors, including TM5614, were 
given to mice with no obvious hematological side effects 
(Ibrahim et al. 2014; Yahata et al. 2017, 2021).  More 
importantly, it has remained unknown regarding the patho-
physiological significance of PAI-1 expression in CML.  
We established K562 clones expressing exogenous PAI-1, 
because PAI-1 expression levels were lower than clinical 
CML samples (Fig. 1A), and PAI-1 expression level and its 
activity in K562 cells were around the sensitivity limit of 
determination in our analyses (Fig. 1C, D).  However, we 
noticed that TM5614 treatment also significantly inhibited 
cell proliferation of parental K562 cells (data not shown).  
Thus, we speculate that inhibition of endogenous PAI-1 
activity by TM5614 might suffice to exert antitumor effect, 
even in parental K562 cells.  Nevertheless, based on our 
series of observations, we believe that TM5614-mediated 
modulation of Furin/NOTCH signaling would have an 
important role in exerting antitumor effect in CML.

In summary, we found that inhibiting PAI-1 had a 
direct antitumor effect in CML cells.  Our findings would 
add to the evidence and rationale for PAI-1 blockade as a 
treatment option for CML.
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