ARTICLE

Chronic Myeloid Leukemia

Targeting of plasminogen activator inhibitor-1
activity promotes elimination of chronic
myeloid leukemia stem cells

Ferrata Storti Foundation

Takashi Yahata,1,2*Abd Aziz Ibrahim,1,3* Ken-ichi Hirano,1,4 Yukari Muguruma,5
Kazuhito Naka,6 Katsuto Hozumi,1,4 Douglas E. Vaughan,7 Toshio Miyata8 and
Kiyoshi Ando1,3

Research Center for Regenerative Medicine, Tokai University School of Medicine,
Kanagawa; Japan; 2Department of Innovative Medical Science, Tokai University School of
Medicine, Kanagawa; Japan; 3Department of Hematology and Oncology, Tokai University
School of Medicine, Kanagawa, Japan; 4Department of Immunology, Tokai University
School of Medicine, Kanagawa; Japan; 5National Cancer Center Research Institute, Tokyo,
Japan; 6Department of Stem Cell Biology, Research Institute for Radiation Biology and
Medicine, Hiroshima University, Hiroshima, Japan; 7Department of Medicine,
Northwestern University Feinberg School of Medicine, Chicago, IL, USA and 8United
Centers for Advanced Research and Translational Medicine, Tohoku University Graduate
School of Medicine, Miyagi, Japan.
1

Haematologica 2021
Volume 106(2):483-494

*TY and AAI contributed equally as co-first authors.

ABSTRACT

T

herapeutic strategies that target leukemic stem cells (LSC) provide
potential advantages in the treatment of chronic myeloid leukemia
(CML). Here we showed that selective blockade of plasminogen activator inhibitor-1 (PAI-1) enhances the susceptibility of CML-LSC to tyrosine kinase inhibitor (TKI), which facilitates the eradication of CML-LSC
and leads to sustained remission of the disease. We demonstrated for the
first time that the TGF-β−PAI-1 axis was selectively augmented in CMLLSC in the bone marrow (BM), thereby protecting CML-LSC from TKI
treatment. Furthermore, the combined administration of the TKI imatib
plus a PAI-1 inhibitor, in a mouse model of CML, significantly enhanced the
eradication of CML cells in the BM and prolonged the survival of CML
mice. The combined therapy of imatinib and a PAI-1 inhibitor prevented
the recurrence of CML-like disease in serially transplanted recipients, indicating the elimination of CML-LSC. Interestingly, PAI-1 inhibitor treatment
augmented membrane-type matrix metalloprotease-1 (MT1-MMP)-dependent motility of CML-LSC, and the anti-CML effect of PAI-1 inhibitor was
extinguished by the neutralizing antibody for MT1-MMP, underlining the
mechanistic importance of MT1-MMP. Our findings provide evidence of,
and a rationale for, a novel therapeutic tactic, based on the blockade of PAI1 activity, for CML patients.
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Introduction
Chronic myeloid leukemia (CML) was the first luekemia to be identified with a
specific tumorigenic chromosomal abnormality - the Philadelphia chromosome.1
Subsequent studies identified that the translocation event, occurred between t(9;22)
(q34;q11), fused the breakpoint cluster region gene (BCR) with the Abelson kinase
gene (ABL1) and produced the BCR/ABL oncogene.2,3 This BCR/ABL fusion protein
possesses constitutive tyrosine kinase activity resulting in the development of
myeloid leukemia through aberrant differentiation of hematopoietic stem/progenitor cells (HSPC) toward the myeloid lineage. Although development of tyrosine
kinase inhibitors (TKI) that target the abnormal activation of tyrosine kinase, such
as imatinib, has dramatically improved the prognosis of CML,4,5 the disease often
relapses, even after complete remission achieved under TKI therapy, thus remaining
a central problem in the treatment of CML. It has been hypothesized that leukemic
stem cells (LSC), also identified as leukemic initiating cells, are the cells that possess
the unique ability to resist the cytotoxic agents and are responsible for the relapse
of leukemia,6–8 highlighting the need for therapeutic strategies that specifically target this population of cells.
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LSC are thought to possess properties similar to those
characterizing normal HSPC, including the capacity for
self-renewal, cell cycle quiescence, and resistance to traditional chemotherapy.6,9 Studies have shown that transforming growth factor-β (TGF-β) signaling plays supportive roles in normal hematopoiesis and leukemogenesis.
Yamazaki et al.10,11 reported that TGF-β signaling is essential for the maintenance of HSPC within the bone marrow
(BM) microenvironmental niche and promotes Smaddependent HSPC hibernation. In the same vein, Naka et
al.12,13 showed that TGF-β signaling is also essential for the
maintenance of CML-LSC. Thus, suppression of
TGF-β signaling deserves investigation for the purpose of
eliminating CML-LSC.
Like their normal hematopoietic counterparts, CMLLSC are presumed to reside in specific niches in the BM
microenvironment, which likely contribute to relapse
after chemotherapy.14–16 We have recently uncovered a
pathway by which TGF-β signaling regulates HSPC
retention in the niche.17 TGF-β induces the expression of
plasminogen activator inhibitor-1 (PAI-1), a major physiologic serine protease inhibitor (serpin) of the fibrinolytic
system. In HSPC, PAI-1, known conventionally as an
extracellular fibrinolysis-related serpin, functions intracellularly (subsequently referred to as iPAI-1) and inhibits the
proteolytic activity of proprotein convertase, furin, which
consequently diminishes membrane type-1 metalloprotease (MT1-MMP) activity.17 MT1-MMP promotes HSPC
motility by breaking down pericellular matrix proteins
and adhesion molecules necessary for anchoring HSPC to
the niche.18,19 Genetic or pharmacological inhibition of
TGF-β-iPAI-1 signaling increases MT1-MMP-dependent
cellular motility, causing detachment of HSPC from the
niche, making them receptive to extraneous stimuli.17,20 In
line with our report, a number of studies have demonstrated that both TGF-β and PAI-1 play important roles in
numerous physiological and pathological conditions,
including wound healing, obesity, cardiovascular disease
and cancer.21–23 Therefore, we hypothesize that blockade of
iPAI-1 activity facilitates the dislocation of CML-LSC in
the BM, which in turn renders CML-LSC susceptible to
TKI therapy, resulting in the eradication of CML-LSC and
sustained disease remission.

Methods

plantation-based CML model (BCR/ABL1-CML mice) as previously described.12,25 Briefly, normal LSK cells (4–5×104 cells per
recipient mouse) isolated from mononuclear cells of fetal liver
(embryonic day E14.5) or adult BM (8-12 weeks old) were transduced with the human BCR/ABL1-ires green fluorescent protein
(GFP) retrovirus and transplanted into irradiated (9 Gy) recipient
C57BL/6J mice purchased from CLEA Japan (Tokyo). Another set
of experiments, gene-modified 32D cell lines were also transplanted into non-irradiated C3H/HeNCrl mice (CLEA Japan). CMLlike disease developed in these recipient mice by 12–20 days post
transplantation.
A tetracycline (tet)-inducible CML mouse model26,27 was also
used in this study. Tal1-tTA mice (JAX, #006209) and TREBCR/ABL1 transgenic mice (JAX, #006202), both on an FVB/N
genetic background, were purchased from the Jackson
Laboratory. Tal1-tTA and TRE-BCR/ABL1 transgenic mice were
interbred to generate Tal1-tTAxTRE-BCR/ABL1 double-transgenic
mice. These animals were maintained in cages supplied with
drinking water containing 20 mg/L doxycycline (Sigma-Aldrich).
At 8-10 weeks after birth, BM cells of Scl/Tal1-tTAxTRE-BCR/ABL
double-transgenic (Ly5.2; CD45.2) mice were mixed with competitor BM cells obtained from congenic (Ly5.1; CD45.1) mice
and then were transplanted to lethally irradiated (9 Gy) wild-type
(WT) hosts. The recipients bred in the presence of doxycycline,
and BCR/ABL expression was induced by doxycycline withdrawal 2 months after transplantation. All induced recipient mice
progressively developed CML-like disease associated with a
severe myeloid cell expansion in the BM, spleen and peripheral
blood (PB), and splenomegaly. The mice became moribund ~3
weeks after induction.
In order to examine the in vivo effects of the combined administration of imatinib (IM) plus PAI-1 inhibitors, BCR/ABL1-CMLaffected mice received vehicle alone, or IM (Gleevec; 150-400
mg/kg/day; Novartis) and/or PAI-1 inhibitor (TM5257, 100
mg/kg/day; TM5009 or TM5614, 10 mg/kg/day) in vehicle, and,
at the same time, mice were intraperitoneally injected with 1
mg/kg anti-MT1-MMP antibody (Merck Millipore) or nonimmune species- and isotype-matched control antibody for 5
consecutive days. Treatment was delivered by oral gavage on
days 8–30 post transplantation. Three to 4 months after transplantation, PB, spleen, and BM samples were collected from individual recipients and subjected to analyses and secondary transfer experiments.
Protocols concerning animal experiments and recombinant
gene experiments were approved by the Animal Care
Committee and the Gene Recombination Experiment Safety
Committee of Tokai University.

Additional methods are presented in the Online Supplementary
Methods, available on the Haematologica web site.

Results
Pharmacological properties of inhibitors
Three different PAI-1 inhibitory compounds (TM5275,
TM5509 and TM5614) were used.24 All three selectively and
effectively inhibited PAI-1 activity with a half-maximal inhibition (IC50) value <6.95 mM in a tPA-dependent hydrolysis assay.
The PAI-1 inhibitors (up to 100 mM) did not interfere with other
serpin/serine protease systems such as 1-antitrypsin/trypsin and
α2-antiplasmin/plasmin. The TGF-β inhibitor, LY364947, is a
potent and selective inhibitor of the TGF- β receptor I, inhibiting
phosphorylation of Smad3 by TGF-β receptor I kinase (IC50=59
nM).

CML mouse model
Several different mouse models of CML-like disease were utilized in this study. First, we used a BCR/ABL1 transduction/trans484

TGF-β-iPAI-1 axis is activated in CML-LSC
LSC are analogous to HSPC in so many aspects; both
cell types are characteristically slow cell-cycling and have
a high tendency to localize in particular sites, so called
niche dependency.14,15,28–30 In addition, the surface markers
of CML-LSC and normal HSPC are shown to be almost
identical both in murine models and in human samples.
For example, transplantation studies of BCR/ABL-induced
murine CML models demonstrated that BCR/ABLexpressing LSC activity is confined to the fraction of
Lineage (Lin)–Sca1+c-Kit+ (LSK) cells that contains murine
HSPC population.12,31 We have recently shown that TGF-β
signaling regulates the motility of HSPC in the niche
through selective upregulation of iPAI-1 expression in
haematologica | 2021; 106(2)

PAI-1 blockade eliminates leukemia stem cells

HSPC.17,20 Therefore, we hypothesized that the
TGF-β−iPAI-1 axis is similarly operational in CML-LSC. In
order to investigate the activation of TGF-β−signaling in
CML cells in vivo, we generated a CML-like myeloproliferative disease mouse model. Normal immature LSK cells
obtained from fetal liver (FL) or adult BM were transduced
with retrovirus carrying a human BCR/ABL-ires-GFP vector and transplanted into irradiated (9 Gy) recipient mice
(Figure 1A). Consistent with previous reports,12,13 we found
that BCR/ABL-transduced LSK cells efficiently induced
CML-like disease in recipient mice by 12-20-day post
transplantation (Figure 1B). In line with our previous
reports, the highest levels of TGF-β signal activation was
confined to LSK cells, the majority of which are considered to be CML-LSC, as demonstrated by flow cytometric analysis for the phosphorylation of Smad-3 protein, a
downstream signaling molecule of TGF-β which forms a
complex with Smad4 in the PAI-1 promoter and enhances
transcriptional activation of PAI-1 gene (Figure 1C). A
gradual increase in TGF β activity in the CML-LSC fraction correlated with an increase in iPAI-1 expression within the same fraction (Figure 1C). The higher expression of
iPAI-1 in CML-LSC was abolished by administration of
TGF-β inhibitor (LY364947, 10 mg/kg) (Figure 1D), indicating that the TGF-β−iPAI-1 axis is indeed activated in
CML-LSC.

iPAI-1 protects CML cells from TKI treatment
HSPC are known to be remarkably resilient (in part)
because they are kept in cell cycle dormancy through activation of TGF-β signaling where iPAI-1 plays a pivotal
role in retaining HSPC in their protective niche.17,20 Since
we found that the TGF-β−iPAI-1 axis is similarly activated in CML-LSC (Figure 1), we hypothesized that functional activation of the TGF-β−iPAI-1 axis contributes to
TKI resistance of CML-LSC by facilitating the supportive
interaction within the niche. In order to test this hypothesis, we systemically investigated the influence of iPAI-1
on sensitivity of CML cells to TKI by using established
CML-like cell lines (32D cells transduced with retrovirus
carrying the human BCR/ABL-ires-GFP vector) that are
genetically modified to enhance (PAI-1 overexpression
[OE]) or nullify (PAI-1 knockout [KD]) the expression of
iPAI-1 (Figure 2A). Twenty hours after being treated with
IM in vitro, where extracellular fibrinolytic factors, such as
tissue plasminogen activator, a PAI-1 target, did not exist,
the apoptotic response of these cells was assessed by
annexin V/PI staining. We found that a significantly higher percentage of PAI-1 OE cells survived IM treatment
than parental 32D cells while a majority of PAI-1 KD cells
underwent apoptosis (Figure 2B). This in vitro experiment
clearly ruled out the involvement of extracellular anti-fibrinolytic function of PAI-1 in TKI resistance and suggested direct involvement of iPAI-1 in TKI resistance.
Next, we examined the effect of iPAI-1 overexpression
on the sensitivity to TKI in vivo (Figure 2C). Seven days
after transplantation, the presence of BCR/ABLGFP+CML cells were confirmed in mice that received any
of the genetically modified CML cells. IM was orally
administered to these recipient mice for 7 consecutive
days, and the percentage of GFP+CML cells in the BM was
analyzed on the day after final IM administration. At day
7 of post transplantation, initial engraftment of PAI-1 KD
CML cells in the BM was found to be slightly lower than
that of WT CML cells. In addition, consistent with the in
haematologica | 2021; 106(2)

vitro findings described above, downregulation of iPAI-1
expression resulted in a significant reduction of CML cells
in the BM of TKI-treated mice (Figure 2D). On the contrary, although PAI-1 OE CML cells were significantly less
successful in initial engraftment compared to WT CML
cells and PAI-1 KD CML cells, PAI-1 OE CML cells were
resistant to TKI treatment and overgrew in the BM. These
results confirmed that the intensity of iPAI-1 expression
governs the susceptibility of CML cells to TKI treatment.

Pharmacological inhibition of iPAI-1 activity increases
the susceptibility of CML cells to TKI treatment
The findings described above prompted us to investigate whether PAI-1 inhibitor administration can increase
the susceptibility of CML cells to TKI treatment. CMLbearing mice created by transplantation of the parental
BCR/ABL-ires-GFP-transduced 32D cells to non-irradiated
mice were treated with either IM alone, a PAI-1 inhibitor
alone or IM in combination with a PAI-1 inhibitor for 7
consecutive days and were observed for the following 40
days (Figure 3A). In this study, three different orallyactive, selective PAI-1 inhibitors, namely TM5275,
TM5509 and TM5614 were used. The effect of the PAI-1
inhibitors was evaluated by assessing the percentage of
BCR/ABL-GFP+CML cells in the BM and the overall survival of CML-bearing mice. Seven days after transplantation, all recipient mice developed a CML-like disease
characterized by myeloid cell expansion in the BM,
spleen and PB, accompanied by splenomegaly (Figure 3BC). Treatment with any one of the PAI-1 inhibitors alone
did not markedly extend the survival of CML-bearing
mice compared to the vehicle-treated CML mice (Figure
3D). Although treatment with IM by itself delayed disease onset, all IM-treated CML-bearing mice experienced
relapse and died before the end of the observation period
(Figure 3D). Interestingly, the combined treatment of IM
plus any one of the PAI-1 inhibitors significantly inhibited
the persistence of CML cells in the BM, reduced spleen
size, and prolonged the survival of CML-bearing mice
(Figure 3B-D). Furthermore, PAI-1 blockade combined
with TKI was found to be effective in overcoming the
TKI-resistance in CML-mice transplanted with PAI-1 OE
CML cells (Figure 3E-F).
In order to further evaluate the potential therapeutic
benefit of PAI-1 inhibitor treatment, we examined the
effects of the PAI-1 inhibitor using a CML-induction
mouse model, a model that closely resembles
CML-development in human. In this previously
described tetracycline (tet)–inducible CML mouse
model,26,27 BM cells of Scl/Tal1-tTAxTRE-BCR/ABL doubletransgenic (Ly5.2; CD45.2) mice were transplanted to
lethally irradiated (9 Gy) WT hosts, and the recipients
were maintained in the presence of doxycycline at least
for 2 months (Figure 4A). Within 3 weeks upon the withdrawal of doxycycline and induction of BCR/ABL expression, mice progressively developed CML-like disease. At
the time of BCR/ABL induction, mice were treated with
either IM alone, a PAI-1 inhibitor alone, or the combination of IM and a PAI-1 inhibitor for 14 consecutive days.
On day 15, the expression of BCR/ABL in CML cells in the
BM was determined by quantitative real-time PCR. IM
treatment alone reduced the level of BCR/ABL–expression
in the BM LSK fraction of CML cells to approximately 1/4
of saline treated mice, whereas combined treatment of
IM plus the PAI-1 inhibitor reduced the expression of
485
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BCR/ABL in CML cells to barely detectable levels (Figure
4B). In addition, the overall survival of this CML-affected
mice treated with IM plus the PAI-1 inhibitor was
markedly extended (Figure 4C). These results are in accordance with our earlier experiments using genetically
modified CML cell lines and BCR/ABL transduced LSK
cells and indicate that inhibition of iPAI-1 activity increases the susceptibility of CML cells to TKI treatment.

A

iPAI-1 blockade induces the dislocation of CML-LSC
in the BM
We then sought to identify how iPAI-1 signaling influences the sensitivity of CML cells to TKI. Since the blockade of iPAI-1 causes detachment of HSPC from the
niche,17,20 we hypothesized that iPAI-1 is similarly
involved in the motility of CML-LSC in the BM. In order
to test this hypothesis, we examined the expression of

B

C

D

Figure 1. TGF-β−iPAI-1 signaling is activated in chronic myeloid leukemia - leukemic stem cells. (A) Schema for experiments. (B) Representative flow cytometric profiles of contribution of BCR/ABL-GFP+ cells to the myeloid (Mac-1+/Gr-1+) peripheral blood (PB) output post transplantation. (C) Representative flow cytometric profiles
and mean fluorescent intensity (MFI) (n=6) for p-Smad3 and intracellular plasminogen activator inhibitor-1 (iPAI-1) expressions in freshly isolated BCR/ABL-GFP+
immature chronic myeloid leukemia (CML) cells in the bone marrow (BM). MFI of LSK: Lin–c-kit+Sca-1+; LS–K: Lin–c-kit+Sca–1–; LS–K–: Lin–c-kit–Sca-1–. (D)
Representative flow cytometric profile and MFI for iPAI-1 expression in freshly isolated BCR/ABL-GFP+ immature CML cells in the BM of vehicle- or LY364947-treated
mice (n=5). Data represent means ± standard deviation. Statistical significance was determined by Mann-Whitney unpaired t-test. P<0.001, by a Kruskal-Wallis test.
TGF-β: transforming growth factor-β; BCR: breakpoint cluster region; ABL: Abelson kinase; GFP: green florescent protein; SSC: side scatter.
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A

B

C

D

Figure 2. iPAI-1 protects chronic myeloid leukemia cells from tyrosine kinase inhibitor treatment. (A) A representative flow cytometric profile for intracellular plasminogen activator inhibitor-1 (iPAI-1) expressions in PAI-1-overexpression (PAI-1 OE), PAI-1-knockdown (PAI-1 KD), or wild-type parental 32D p210 cells (PAI-1 WT).
(B) Representative flow cytometric profiles and percentage of Annexin V+/PI+ population in PAI-1 OE, PAI-1 KD, or PAI-1 WT cells before imatinib (Pre-IM) and after
imatinib (Post-IM) treatment in vitro (n=6). (C) Schema for in vivo experiments. (D) Representative flow cytometric profiles and percentages of leukemic cells in the
bone marrow (BM) (n=7). Data represent means ± standard deviation. Statistical significance was determined by Mann-Whitney unpaired t-test. P<0.001, by a
Kruskal-Wallis test. GFP: green fluorescent protein.
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A
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C

D

E

F

Figure 3. Combined treatment with tyrosine kinase inhibitor plus PAI-1 inhibitor prolongs survival of chronic myeloid leukemia-bearing mice. (A) Schema for experiments. (B) Representative flow cytometric profiles for the percentage of chronic myeloid leukemia (CML) cells in the bone marrow (BM) at the indicated time points.
(C) Analysis of spleen taken from imatinib (IM)- and IM plus plasminogen activator inhibitor-1 (PAI-1) inhibitor-treated mice (n=6). (D) Kaplan Meier survival curves
of CML-bearing mice treated with saline (n=10), PAI-1 inhibitors (TM5275, TM5509, and TM5614) alone (n=10), IM alone (n=10), and IM plus PAI-1 inhibitor (n=15).
(E) Percentages of leukemic cells in the BM (n=6). (F) Kaplan Meier survival curves of PAI-1 wild-type (PAI-1 WT) or PAI-1-overexpression (PAI-1 OE) CML cell-bearing
mice treated with saline (n=0), IM alone (n=10), or IM plus PAI-1 inhibitor (TM5614) (n=10). Data represent means ± standard deviation. Statistical significance
was determined by a log-rank non-parametric test (D, F) or Mann-Whitney unpaired t-test (E). P<0.001, by a Kruskal-Wallis test. SSC: side scatter.
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MT1-MMP, which has been shown to control the motility
of HSPC,17–19 in CML-LSC derived from PAI-1 inhibitor
treated mice. Mice were transplanted with normal FL LSK
cells that were transduced with retrovirus carrying the
human BCR/ABL-ires-GFP and were treated with a PAI-1
inhibitor for 7 consecutive days starting at day 7 post
transplantation (Figure 5A). As expected, treatment with a
PAI-1 inhibitor reduced the expression of iPAI-1 in the LSK
fraction of BCR/ABL-GFP+ CML cells, which represent
CML-LSC, and at the same time, increased the expression
of MT1-MMP in the same fraction of cells (Figure 5B).
Furthermore, iPAI-1 blockade altered the expression levels
of CD44 and VLA-4, key adhesion/de-adhesion molecules
known to determine the localization of hematopoietic
cells within the BM14,30,32–34 (Figure 5B). Consistent with this
in vivo observation, expression of CD44 and VLA-4 were
altered in iPAI-1 OE and KO CML cells, confirming the
link between the expression of adhesion/de-adhesion
molecules and the iPAI-1 activity (Online Supplementary
Figure S1). In order to confirm that iPAI-1 regulates the
motility of CML-LSC through the action of MT1-MMP,
we examined the directional motility of CML-LSC toward
a chemokine gradient using a trans-reconstituted basement
membrane (MatrigelTM) migration assay system. Lin–c-Kit+
immature CML cells isolated from PAI-1 inhibitor treated
CML mice exhibited significantly higher trans-Matrigel
migration activity compared to those of saline-treated mice
(Figure 5C). Importantly, addition of anti-MT1-MMP neutralizing antibody to the culture abo-lished the enhanced
migration activity of immature CML cells (Figure 5C), confirming the critical role of MT1-MMP in regulating the
motility of CML-LSC. We therefore examined the effect of
PAI-1 blockage in the localization of CML-LCS in vivo. BM
sections were stained with antibodies against hematopoi-

etic lineage markers (CD3, B220, Mac-1, Gr-1, Ter119,
CD41, and CD48) and c-kit to identify CML-LSC and were
simultaneously stained with antibody against TGF-β to
identify niche cells (Figure 5D, the fluorescence images in
lower magnification are shown in the Online Supplementary
Figure S2), and the sections were evaluated to determine
the positional relationships between CML-LSC and niche
cells. In PAI-1 inhibitor-treated mice, BCR/ABL-GFP+Lin–ckit+ CML-LSC were frequently found further away from
TGF-β-expressing niche cells (Figure 5D), in contrast to
vehicle-treated mice in which CML-LSC were often in
contact with, or within close proximity to, TGF- -expressing niche cells (Figure 5D). Importantly, the administration
of an anti-MT1-MMP neutralizing antibody counteracted
the observed detachment of CML-LSC from niche cells in
PAI-1 inhibitor-treated mice (Figure 5D). These results suggest that iPAI-1 activity is an important determinant of
CML-LSC’ sensitivity to TKI, whereby controlling the
MT1-MMP dependent retention of CML-LCS in the BM
protective environment.

Blockade of iPAI-1 activity in combination with TKI
efficiently eliminates CML-LSC
As shown earlier in this study that CML-LSC exhibited
higher iPAI-1 expression (Figure 1), we focused on the
effectiveness of iPAI-1 targeting therapy on primitive
CML-LSC. Recipient mice that received BCR/ABL-GFP+
cells obtained from the BM of mice transplanted with
human BCR/ABL-ires-GFP retrovirus transduced FL LSK
cells were treated with IM alone or with IM plus a PAI-1
inhibitor for 14 consecutive days (Figure 6A). IM treatment alone reduced the percentage of BCR/ABL-GFP+
LSK cells in the BM approximately by half and mildly
decreased the spleen size (Figure 6B-C). Notably, the com-

A

B

C

Figure 4. Blockade of iPAI-1 increases the sensitivity of chronic myeloid leukemia cells to tyrosine kinase inhibitor treatment. (A) Schema for experiments. (B)
Quantitative real-time PCR analysis of the expression of BCR/ABL+ in bone marrow (BM) LSK cells of SCLtTAxBCR/ABL Tg mice that were treated with saline (n=10),
imatinib (IM) alone (n=11), or IM plus plasminogen activator inhibitor-1 (PAI-1) inhibitor (TM5614) (n=12). (C) Kaplan Meier survival curves of SCLtTAxBCR/ABL Tg
mice treated with saline (n=10), IM alone (n=10), or IM plus PAI-1 inhibitor (TM5614) (n=10). Data represent means ± standard deviation. Statistical significance
was determined by Mann-Whitney unpaired t-test (B) or a log-rank non-parametric test (C). P<0.001, by a Kruskal-Wallis test. BCR: breakpoint cluster region; ABL:
Abelson kinase: GFP: green fluorescent protein; LSK: Lineage (Lin)Sca1c-Kit.
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A

B

Figure 5. iPAI-1 blockade increases
membrane type-1 metalloproteasedependent cellular motility. (A) Schema
for experiments. (B) Representative flow
cytometric profiles and mean fluorescent intensity (MFI) (n=6-9) for iPAI-1,
MT1-MMP, CD44, and VLA-4 expressions in freshly isolated bone marrow
(BM) BCR/ABL-GFP+ LSK cells of saline
or PAI-1 inhibitor treated mice. (C)
Percentages of migrated BCR/ABLGFP+Lin−c-kit+ immature chronic myeloid
leukemia (CML) cells in trans-Matrigel
migration assay (n=6 each). Data represent means ± standard deviation.
Statistical significance was determined
by Mann-Whitney unpaired t-test.
P<0.001, by a Kruskal-Wallis test. (D)
Representative pictures of the BM cavity of vehicle- or TM5614-treated mice.
BM sections were stained with antitransforming growth factor-β (TGF-β)
(purple), anti-c-kit (red) and anti-lineage
markers (white) antibodies. Red arrowheads indicate TGF-β-expressing niches. Blue arrow heads indicate BCR/ABLGFP+Lin–c-kit+ CML cells. Bars represent
100 mm. Graph indicates percentages
of TGF-β-expressing niches closely contact to immature CML cells. More than
50 in random fields on a slide were
counted for two independent experiments (n=4 each). Each dot represents
% of contact cells in the one field.
Statistical significance was determined
by Mann-Whitney unpaired t-test.
P<0.001, by a Kruskal-Wallis test. BCR:
breakpoint cluster region; ABL: Abelson
kinase: GFP: green fluorescent protein;
LSK: Lineage (Lin)Sca1c-Kit L; MT1MNP: membrane type-1 metalloprotease; Ab: antibody.

C
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bined treatment of IM plus a PAI-1 inhibitor diminished
BCR/ABL-GFP+ LSK cell numbers in the BM and the size
of spleen (Figure 6B-C).
Next, we attempted to validate the rationale of PAI-1
inhibitor therapy for overcoming the IM resistance of
CML-LSC using a serial BM transplantation assay system.
Spleen and BM cells obtained from mice undergoing the

drug treatment described above were transplanted to
recipient mice. As expected, mice that received cells of
saline-treated donor mice developed CML and died within 20 days post transplantation, indicating the persistence
of CML-LSC. Even though IM treatment reduced
BCR/ABL-GFP+ LSK cell numbers in the BM of donor mice
by half, it did not protect recipient mice from relapse and

A

B

C

D

Figure 6. Combined treatment with tyrosine kinase inhibitor plus PAI-1 inhibitor eradicates chronic myeloid leukemia - leukemic stem cells. (A) Schema for experiments. (B) Analysis of spleens taken from mice treated with saline, imatinib (IM) alone, or IM plus TM5614 in combination either with anti-MT1-MMP antibody or
isotype-matched control immunoglobulin (n=6-7). (C) Representative flow cytometric profiles and percentage of chronic myeloid leukemia - leukemic stem cells (CMLLSC) in the bone marrow (BM) (n=9). (D) Kaplan Meier survival curves of serially transplanted mice (n=10-14). Data represent means ± standard devaition. Statistical
significance was determined by Mann-Whitney unpaired t-test (B) or a log-rank non-parametric test (D). P<0.001, by a Kruskal-Wallis test. PAI-1: plasminogen activator inhibitor-1; GFP: green fluorescent protein.
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all recipient mice died within 30 days. In contrast, more
than 70% of mice that received cells from the donor mice
that received the combined treatment survived until the
end of the observation period (Figure 6D). In line with our
in vitro findings, the effect of PAI-1 inhibitor on CML-LCS
was completely abolished by the administration of a neutralizing antibody specific for MT1-MMP, indicating a
critical role of this molecule in TKI sensitivity of CMLLSC (Figure 6B-D). These data confirmed that iPAI-1
blockade in combination with TKI effectively eliminates
CML-LSC.

Discussion
An effective strategy to eliminate cancer stem cells is
critical in securing a complete cure of patients with cancers such as CML. The evidence that the TGF-β signaling
pathway plays an essential role in the maintenance of
immature CML-LSC12,13 led us to investigate the involvement of iPAI-1 in the function of CML-LSC and their susceptibility to TKI. Our data unambiguously demonstrate
that the forced expression of iPAI-1 in a CML cell line
endows tumor cells with resistance to TKI treatment both
in vitro and in vivo, which likely explains why iPAI-1expressing immature CML-LSC are refractory to TKI
treatment in the CML-bearing mice. This intimate association of TGF-β−iPAI-1 with CML has led to suggest that
TGF-β−iPAI-1 axis itself contributes directly to malignant
behavior, and that the inhibition of the TGF-β−iPAI-1 axis
is beneficial in treating CML. A study has shown that
iPAI-1 is able to directly bind to caspase 3,35 thus influencing activation of the apoptotic pathways. Indeed, our
in vitro analysis demonstrated that the level of iPAI-1
expression is inversely correlated with the cellular susceptibility to TKI treatment, indicating that iPAI-1 contributes
to TKI resistance by negatively regulating apoptosis in
leukemic cells. Consistent with this, it has recently been
reported that PAI-1 inhibitors induce apoptosis in vitro in a
variety of tumor cell lines through the activation of the
intrinsic apoptotic pathway,36,37 suggesting that PAI-1
inhibitors possess intrinsic anti-cancer activity. The combined administration of imatinib plus a PAI-1 inhibitor
markedly improved the therapeutic outcome of TKI as
evidenced by a reduction in the number of CML cells in
the BM, reduced spleen size, and prolonged survival in a
mouse model of CML. Furthermore, pharmacological
blockade of iPAI-1 in combination with TKI effectively
eliminated CML-LSC in the BM, which in turn prevented
the recurrence of CML-like disease in recipients of serial
transplantation experiments.
HSPC are localized in the niche where local factors that
keep them in cell-cycle dormancy, such as TGF-β, are
abundantly present. LSC co-opt the HSPC BM niche to
gain survival benefits by hijacking the molecular physiological mechanisms utilized by HSPC.15,28,29 Therefore, disruption of LSC localization has been proposed to be an
effective means to eradicate LSC. Recently, we have
shown that functional inhibition of iPAI-1 increased MT1MMP-dependent cellular motility and caused a detachment of HSPC from the niche. In this report, we demonstrated that the therapeutic effect of a PAI-1 inhibitor
appears to depend on the activity of MT1-MMP. Although
the involvement of MT1-MMP has been implicated in
physiology and pathophysiology of many types of cells,
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its exact role(s) has not been determined. One of the main
functions of MT1-MMP is to break down pericellular
matrix proteins. It also activates pro-MMP-2, which then
activates other proteases such as MMP-9 and MMP-13.
The interplay of these multiple protease controls motility
of both normal and malignant cells. In addition, MT1MMP can promote cellular motility by breaking down
membrane-bound adhesion molecules necessary for
niche-anchoring, such as CD44, which then triggers the
induction of molecules involved in hematopoietic cell trafficking, such as VLA4.17,18 CD44 and VLA-4 have been
shown to play key roles in homing and engraftment of
LSC.14,30,32–34 Consistent with this, the present study indicates that CML cells overexpressing iPAI-1 (where the
expression of MT1-MMP is consequently suppressed17),
manifest poor migration activity in the BM environment.
Furthermore, analogous to our HSPC study, treatment of
CML mice with a PAI-1 inhibitor increased MT1-MMP
activity and altered the surface expression of CD44 and
VLA-4 on CML-LSC, which resulted in enhanced motility
of CML-LSC. This altered expression of adhesion/deadhesion molecules appear to disrupt the interaction
between CML-LSC and their protective environment,
which renders CML-LSC susceptible to TKI therapy. In
fact, it has been reported that blockade of CD44 and VLA4 markedly reduced LSC engraftment and prolonged the
survival of LSC-transplanted mice.14,30,33,34,38 Thus, MT1MMP activity appears to determine the therapeutic sensitivity of LSC. Taken together, these findings suggest that,
besides its well-known role in cell cycle regulation, TGF-β
signaling, in which iPAI-1-MT1-MMP axis plays an integral part of its coordinated circuitry, controls the motility
of both normal and malignant stem cells, thereby protecting them from environmental stimuli. In line with our
findings, several studies have proposed mobilization of
CML-LSC from the niche as a measure to counteract TKI
resistance, using granulocyte-colony stimulating factor
(G-GSF)39,40 or inhibitors for C-X-C motif chemokine
receptor (CXCR) 4,41,42 E-selectin,43 or TGF-β,13 further
exploring the therapeutic potential of this approach. The
present study also demonstrates that selective upregulation of the iPAI-1-MT1-MMP axis in CML-LSC provides a
newly recognized mechanism of drug-resistance and that
modulation of this signaling pathway overcomes
TKI-resistance in CML mouse. The evidence we provide
in this study has led us to suggest that iPAI-1 signaling
contributes directly to pathology of cancers beyond the
scope of this study, and that inhibition of the TGF-β−iPAI1 axis can become an effective approach to treat a wide
variety of cancers.
We have developed a low molecular weight synthetic
inhibitor of PAI-1, TM5275 and a series of analogues with
improved pharmacological and toxicological properties,
including TM5509 and TM5614.44,45 A number of preclinical studies have demonstrated that this series of compounds is capable of affecting a number of metabolic,
fibrotic, aging-related disorders, as well as hematopoietic
regeneration.46–50 In this study, we provide the first evidence that inhibition of iPAI-1 can be of therapeutic
benefit in the treatment of leukemia. iPAI-1 has almost
identical roles in retaining normal HSC and LSC in the
niche. In that sense, when CML patients are treated with
a PAI-1 inhibitor, both HSC and LSC are supposed to be
released from the niche. In a physiological setting, HSC
are believed to be in a cycle of being released from and
haematologica | 2021; 106(2)
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returning to the niche.17,20 Even in the presence of a PAI-1
inhibitor plus TKI, HSC should be able to return to the
niche because they are refractory to TKI. On the contrary,
TKI specifically targets CML cells once they are released
from the niche. In fact, the PAI-1 inhibitor used in this
study, has successfully completed a phase I trial without
any noticeable adverse effects, including myelosupplession, and has advanced to the phase II trial. In summary,
this study describes a novel role of iPAI-1 in drug-resistance in CML and suggests that the selective therapeutic
targeting of this serpin may be of value in the treatment of
patients with this malignant hematopoietic disorder.
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