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Abstract

Vitamin K2 in the form of menatetrenone has clinical benefits for osteoporosis and cytopenia. Given the dominant role
of mesenchymal-osteolineage cells in the regulation of hematopoiesis, we investigated whether menatetrenone alters the
hematopoiesis-supportive capability of human bone marrow mesenchymal stromal/stem cells (BM-MSCs). Menatetrenone
up-regulated fibronectin protein expression in BM-MSCs without affecting their proliferation and differentiation capabilities.
In addition, menatetrenone treatment of BM-MSCs enhanced generation of the CD34™ cell population in co-cultures through
acceleration of the cell cycle. This effect was associated with cell—cell interactions mediated by VLA-4 and fibronectin.
This proposal was supported by cytokine array and quantitative real-time PCR analyses, in which there were no significant
differences between the expression levels of hematopoiesis-associated soluble factors in naive and menatetrenone-treated
BM-MSC:s. Profiling of hematopoietic cells in co-cultures with menatetrenone-treated BM-MSCs demonstrated that they
included significantly more CD34"CD38" hematopoietic progenitor cells and cells skewed toward myeloid and megakaryo-
cytic lineages than those in co-cultures with untreated BM-MSCs. Notably, myelodysplastic syndrome-derived cells were
induced to undergo apoptosis when co-cultured with BM-MSCs, and this effect was enhanced by menatetrenone. Overall, our
findings indicate that pharmacological treatment with menatetrenone bestows a unique hematopoiesis-supportive capability
on BM-MSCs, which may contribute to the clinical improvement of cytopenia.
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Introduction
Electronic supplementary material The online version of this . . . . L
article (https://doi.org/10.1007/512185-020-02916-8) contains Vitamin K is required for post-transcriptional
supplementary material, which is available to authorized users. y-carboxylation of vitamin K-dependent proteins [1]. This

process involves proteins such as osteocalcin, which is
important for bone maturation and quality [2]. Vitamin K
exists naturally in two bioactive forms: vitamin K1 (phyl-
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the development of effective drug therapies in patients with
cytopenia.

Adult hematopoiesis is regulated not only by intrinsic sig-
nals, but also by extrinsic signals from the hematopoiesis-
supportive bone marrow microenvironment (BMM). The
major cellular constituents of the BMM are non-hemat-
opoietic mesenchymal stromal/stem cells (MSCs) and their
osteogenic progenies [10, 11]. Mature osteoblasts regulate
hematopoietic stem cells (HSCs) through an angiopoietin-1/
Tie2 interaction [12]. Osteocytes control lymphopoiesis
and support myeloid expansion through the production of
granulocyte colony-stimulatory factor [13, 14]. Osteogene-
sis-associated soluble factors, such as parathyroid hormone
and calcium ions, contribute to hematopoiesis [15, 16]. In
our previous studies, we reported that, unlike naive bone
marrow MSCs (BM-MSCs), osteoinductive and parathyroid
hormone-treated BM-MSCs support the enhanced expan-
sion of hematopoietic stem and progenitor cells (HSPCs)
[17, 18], which indicates a distinct hematopoiesis-supportive
capability of osteogenic-induced BM-MSCs. In this study,
we examined whether menatetrenone alters the hematopoie-
sis-supportive capability of human BM-MSCs.

Materials and methods
Reagents

Menatetrenone, VD3, stem cell factor (SCF), interleukin-3
(IL-3), and fms-related tyrosine kinase 3 (FLT3) ligand were
purchased from Wako Pure Chemical Industries (Osaka,
Japan). Thrombopoietin and erythropoietin were provided
by Kyowa Hakko Kirin (Tokyo, Japan). The antibodies used
in this study are listed in Supplementary Table 1.

Isolation and expansion of human BM-MSCs

Normal human BM samples were purchased from AllCells
(Alameda, CA). To confirm consistency among donors,
multiple batches of BM-MSCs were isolated as described
previously [17—-19]. Single-cell suspensions of 1x 10’ BM
mononuclear cells were seeded into T-75 culture flasks, and
adherent cells were cultured in advanced-minimal essential
medium (Invitrogen/Thermo Fisher Scientific, Waltham,
MA) supplemented with 5% fetal bovine serum (FBS, Inv-
itrogen/Thermo Fisher Scientific), 100 pM ascorbic acid
(Wako Pure Chemicals Industries), and 2 mM L-glutamine
(Gibco/Thermo Fisher Scientific). Primary cultures were
passaged to disperse the colony-forming cells (passage 1).
Cells at passage 3 were used as BM-MSC:s in this study.
Prior to experiments, the surface antigen profiles of CD14,
CD19, CD34, CD45, CD73, CD90, and CD105 were

examined by flow cytometric analysis to confirm that the
cells expressed mesenchymal stem cell-associated markers,
but did not express hematopoietic cell markers, as proposed
by the International Society for Cellular Therapy [20, 21]
(Supplementary Figure). For the expansion assay, 2 x 10°
BM-MSCs were seeded into a 6 cm dish. Twenty-four
hours later, BM-MSCs were treated with 1 or 10 uM mena-
tetrenone for a further 24 h. Subsequently, BM-MSCs were
collected with 0.05% trypsin/ethylenediaminetetraacetic
acid, washed with Dulbecco’s phosphate-buffered saline
(D-PBS, Wako Pure Chemical Industries) three times, and
re-seeded into new 6 cm dishes at a density of 2 x 10° cells
per dish. The number of cells was counted by staining with
0.5% trypan blue on days 4, 6, and 8 after menatetrenone
treatment.

Co-culture of human CD34" cells and human
BM-MSCs

Human CD34% HSPCs were isolated from BM mononu-
clear cells using anti-CD34 immunomagnetic microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany). The purity
of the isolated CD34" cell population was confirmed by flow
cytometric analysis using an anti-human CD34 antibody.
BM-MSCs were seeded into 24-well culture plates at a den-
sity of 5x 10* cells per well and treated with 1 or 10 uM
menatetrenone. Subsequently, 0.6 x 10° CD34" cells were
co-cultured with the BM-MSCs in StemSpan Serum-Free
Expansion Medium (STEMCELL Technologies, Vancou-
ver, Canada) supplemented with 100 ng/mL SCF, 100 ng/
mL FLT3 ligand, 50 ng/mL thrombopoietin, and 20 ng/mL
IL-3. After 10 days of co-culture, the hematopoietic cells
were collected by vigorous pipetting, and the cell number
and surface marker expression profiles were examined by
flow cytometric analysis.

Erythroid induction of human CD34" cells

Human CD34" HSPCs were cultured for 14 days in
Iscove’s modified Dulbecco’s medium (Invitrogen/
Thermo Fisher Scientific) supplemented with 900 ng/mL
iron sulfate, 90 ng/mL iron nitrate, 10 ul/mL insulin (all
from Sigma-Aldrich, St. Louis, MO), 1% bovine serum
albumin (Wako Pure Chemical Industries), 10% heat-
inactivated FBS (HyClone, Little Chalfont, UK), 10 ng/
mL IL-3, 200 ng/mL SCF, 3 U/mL erythropoietin, and
1.2 pg/mL transferrin (Calbiochem, Darmstadt, Germany)
[22-24]. Erythroid differentiation was confirmed by flow
cytometric analysis in which erythroblasts were deter-
mined as CD457CD717CD235a~/CD45*CD71*CD235a"/
CD457CD71~CD235a™ cells. In some experiments, HSPCs
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were erythroid-induced in co-cultures with BM-MSCs that
were treated with or without menatetrenone. We also per-
formed co-culture assays of HSPCs and VD3-treated BM-
MSC:s using the same procedure as that used for HSPCs and
menatetrenone-treated BM-MSCs.

Blocking experiments for co-cultures of human
CD34* cells and human BM-MSCs

Cell culture inserts with a pore size of 0.4 pm (Corning,
One Riverfront Plaza, NY) were applied to abrogate direct
interactions between human BM-MSCs and human CD347*
HSPCs. To investigate the involvement of integrin a4 in
cell—cell interactions, HSPCs were pre-incubated at 37 °C
for 30 min with 5 nM of BIO1211 (Bio-Techne, Minneapo-
lis, MN). Subsequently, the media were removed, and the
cells were washed twice and co-cultured with BM-MSCs.

In vitro differentiation of human BM-MSCs

To induce osteogenic differentiation of human BM-MSCs
that were treated with menatetrenone for 24 h, osteogen-
esis-inducing cocktails comprising 100 uM ascorbic acid,
1.8 mM potassium dihydrogen phosphate (Sigma-Aldrich),
and 100 nM dexamethasone (Sigma-Aldrich) were added
to the culture media. Mineralization was evaluated by 1%
Alizarin Red S staining after 6 weeks of osteogenesis-
inducing culture. To induce adipogenic differentiation of
menatetrenone-treated BM-MSCs, 0.5 mM isobutyl-methyl
xanthine, 60 pM indomethacin, 0.5 pM hydrocortisone, and
10 pg/mL insulin (all from Sigma-Aldrich) were added to
the culture media. Oil Red O staining was used to assess
lipid-laden fat cells after 3 weeks of adipogenesis-inducing
culture. The Alizarin Red S-stained area and the number of
Oil Red O cells were quantified as described previously
[17]. Images were acquired using an Axiovert 40C (Carl
Zeiss, Oberkochen, Germany).

Quantitative real-time PCR (qRT-PCR)

BM-MSCs (2 x 10%) were seeded into a 6 cm dish. Twenty-
four hours later, the BM-MSCs were treated with menate-
trenone for a further 24 h. Cell lysates were then prepared
from the menatetrenone-treated BM-MSCs, and total RNA
was extracted using the QIAamp RNA Blood Mini Kit
(Qiagen, Hilden, Germany) and then reverse transcribed.
The 10 pL PCR mixture contained TaqMan Fast Uni-
versal PCR Master Mix (Applied Biosystems, Carlsbad,
CA), cDNA, primer pairs, and a TagMan probe (Universal
Probe Library). The cDNA was amplified using the Step
One Plus Real-Time PCR system (Applied Biosystems)
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using the following parameters: 95 °C for 20 s, followed
by 40 cycles of 95 °C for 1 s and 60 °C for 20 s. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used as
an internal control to normalize any loading differences.
The primer sets and universal probes used are listed in
Supplementary Table 2.

Cell cycle assay

The cell cycle assay of CD34" cells was performed 8 days
after starting co-cultures with menatetrenone-treated
BM-MSCs by using Click-iT Plus EdU Flow Cytometry
Assay Kits (Thermo Fisher Scientific) and FxCycle Violet
Stain (Invitrogen/Thermo Fisher Scientific). 5-Ethynyl-2'-
deoxyuridine (EdU) was added to the culture media, and
the culture media was mixed by pipetting gently. The cells
were incubated with EdU at 37 °C for 1 h and then evalu-
ated by flow cytometric analysis.

Immunoblot analysis

BM-MSCs (2 x 10°) were seeded into a 10 cm dish 24 h
before menatetrenone treatment and then treated with
menatetrenone for a further 24 h. Subsequently, the BM-
MSCs were washed with D-PBS three times and cultured
with advanced-minimal essential medium-based culture
medium. Three days after menatetrenone treatment, cell
lysates were prepared from BM-MSCs with radioim-
munoprecipitation assay buffer (Wako Pure Chemical
Industries). Total proteins extracted from the cell lysates
were boiled in sodium dodecyl sulfate sample buffer (Inv-
itrogen/Thermo Fisher Scientific), separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (Inv-
itrogen/Thermo Fisher Scientific), and transferred to
polyvinylidene fluoride membranes (EDM Millipore).
Immunoreacted proteins were detected using horseradish
peroxidase-conjugated sheep anti-mouse (for fibronectin)
or donkey anti-rabbit (for actin) IgG, and visualized using
enhanced chemiluminescence kits (GE Healthcare, Little
Chalfont, UK). Immunoblotting detection was performed
using the ChemiDoc XRS + system (Bio-Rad, Hercules,
CA).

Cytokine array

Human BM-MSCs were seeded into a 6-well culture plate at
a density of 2x 10° cells per well and treated with menate-
trenone for 24 h. These cells were washed with D-PBS three
times and cultured in 1 mL of menatetrenone-free culture
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medium for 2 days. Subsequently, the lower part of the cul-
ture supernatant (800 pL) was collected, centrifuged, and
analyzed using the Proteome Profiler Array Human Cytokine
Array Kit (R&D Systems, Minneapolis, MN). Detection was
performed using the ChemiDoc XRS + system.

MDS-L cell culture

MDS-L cells, a cell line derived from a patient with MDS
[25, 26], were cultured in RPMI 1640 (Wako Pure Chemical
Industries) supplemented with 10% heat-inactivated FBS,
20 uM 2-mercaptoethanol, 50 U/mL penicillin, 10 mM
4-2-hydroxyethyl-1-piperazineethanesulfonic acid (all
from Sigma-Aldrich), and 50 ng/mL IL-3. For the treat-
ment experiments, menatetrenone was added to the culture
medium at a final concentration of 0, 1, or 10 pM. Apoptosis
of MDS-L cells was assessed by flow cytometric analysis
10 days after menatetrenone treatment.

Statistical analysis

Unpaired Student’s ¢ tests were used for analyses. Data in
bar graphs indicate the mean + standard deviation (SD).
Statistical significance is expressed as follows: *P <0.05;
**P<0.01; ***P <0.001; n.s. not significant.

Results

Menatetrenone treatment of human BM-MSCs
enhances the hematopoietic progenitor cell
population through cell cycle acceleration

CD34% HSPCs were co-cultured with BM-MSCs that
were pre-treated with menatetrenone at a concentration of
1-50 uM (Fig. 1a). Compared with that of cells co-cultured
with untreated BM-MSCs, the number of CD45™" cells in co-
cultures with menatetrenone-treated BM-MSCs increased in
a dose-dependent manner (1-10 uM); however, cell numbers
declined at 50 uM (Fig. 1b). We therefore treated BM-MSCs
with menatetrenone at 1 and 10 uM for the following assays.

The number of CD347 cells was significantly higher in
co-cultures with menatetrenone-treated BM-MSCs than in
those with untreated BM-MSCs (Fig. 2a). Cell cycle assays
of the co-cultures indicated that the frequency of CD34*
cells in the S/G2/M phases was significantly increased by
menatetrenone treatment, whereas the frequency of CD34"
cells in the GO/G1 phases was significantly decreased
(Fig. 2d). The number of CD347CD38" cells, a popula-
tion of hematopoietic progenitor cells (HPCs), was higher
in co-cultures with menatetrenone-treated BM-MSCs than
in those with untreated BM-MSCs, whereas the number of
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Fig.1 Menatetrenone treatment of human BM-MSCs increases the
number of hematopoietic cells in co-culture. a Schematic showing
the experiments. b Flow cytometry analyses showing the numbers of
CD45™" cells in co-cultures with BM-MSCs treated with 0, 1, 5, 10,
or 50 uM menatetrenone (n=35 per group). Data are expressed as the
mean+ SD. ***P <0.001

CD34*CD38" cells, a population of HSCs, was compara-
ble between the co-cultures with treated and untreated BM-
MSCs (Fig. 2a). The percentage of CD34*CD38* cells in co-
cultures with menatetrenone-treated BM-MSCs was higher
than the percentage of those in co-cultures with untreated
BM-MSCs, whereas the percentage of CD347CD38™ cells
in co-cultures with menatetrenone-treated BM-MSCs was
lower than the percentage of those in cultures with untreated
BM-MSC:s (Fig. 2b, c). These results suggest that menate-
trenone treatment of BM-MSCs enhances the HPC popula-
tion, and that this process is associated with accelerating the
cell cycle of CD34™ cells and skewing CD34*CD38~ cells
toward a more differentiated state.

Menatetrenone-treated human BM-MSCs support
the maturation of CD34" cells toward multiple cell
lineages

Next, we examined the profiles of hematopoietic cells
in the co-cultures of CD34% HSPCs and menatetrenone-
treated human BM-MSCs using flow cytometry. The
frequencies of CD34 CD33", CD34 CD13*, and
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Fig.2 Menatetrenone treatment
of human BM-MSCs increases
the HPC population in co-cul-
tures. Flow cytometry analyses
showing the number (a) and
the percentage (b) of CD34%
cells, CD34TCD38~ cells,

and CD347CD38" cells in co-
cultures with BM-MSCs treated
with 0, 1, or 10 uM menate-
trenone (n=>5 per group). ¢
Representative dot plots of
CD34 versus CD38 expres-
sion. The numbers in each box
indicate the percentages of
cells. d Percentages of cells in
the GO/G1 and S/G2/M phases
in co-cultures with BM-MSCs
treated with O uM (black bar),

1 uM (deep blue bar), or 10 uM
(light blue bar) menatetrenone
(n=4 per group). a, b, d Data
are shown as the mean =+ SD.
*P<0.05. **P<0.01. n.s. not
significant
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Fig. 3 Menatetrenone treat-
ment of human BM-MSCs
supports the maturation of
CD347 cells in co-cultures
toward multiple cell lineages.
a, b Flow cytometric analyses
showing myeloid and mega-
karyocytic cells in co-cultures
with BM-MSCs treated with 0O,
1, or 10 uM menatetrenone. a
Frequencies of CD34~CD33*
cells, CD34~CD13* cells, and
CD34~CD41a" cells in the
CD45* cell population; n=5
per group. b Representative dot
plots of CD34 versus CD33,
CD34 versus CD13, and CD34
versus CD41a. The numbers in
each box indicate the percent-
ages of cells. ¢ Flow cytometric
analyses showing the numbers
of erythroblasts in co-cultures
with BM-MSCs treated with
0, 1, or 10 uM menatetrenone;
n=>5 per group. d Flow
cytometric analyses showing
the numbers of erythroblasts
in co-cultures with BM-MSCs
treated with 0, 0.1, 1, or

10 nM VD3; n=5 per group. e
Representative cytospin images
of May—Giemsa staining of
cells co-cultured with VD3-
treated BM-MSCs. The yellow
arrows indicate erythroblasts.
a, ¢, d Data are represented

as the mean+SD. *P <0.05.
**P<0.01
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CD34"CD41a" cells were significantly higher in co-
cultures with BM-MSCs that were treated with 10 uM
menatetrenone than in those with BM-MSCs that were
untreated (Fig. 3a, b). In erythroid-inductive co-cultures
of CD34* HSPCs with menatetrenone-treated BM-MSCs,
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the generation of erythroblasts was enhanced compared
with co-cultures with untreated BM-MSCs, although the
difference was not statistically significant (Fig. 3c). These
results indicate that menatetrenone treatment of BM-
MSCs supports the enhancement of HSPC maturation
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Fig.4 Menatetrenone does not affect the differentiation or prolif- »

eration capabilities of BM-MSCs. a, b Osteogenic differentiation of
BM-MSCs treated with or without menatetrenone, as assessed by
Alizarin Red S staining (a). Red nodules indicate mineralization (b).
Representative images are shown. ¢ Expression levels of osteogen-
esis-associated genes in BM-MSCs treated with or without menate-
trenone, as assessed by qRT-PCR. RUNX2 runt-related transcription
factor 2, OSX osterix, COL collagen, ALP alkaline phosphatase, OPN
osteopontin, OCN osteocalcin. d, e Adipogenic differentiation of
BM-MSCs treated with or without menatetrenone, as assessed by Oil
Red O staining (d). Red-staining indicates fat-laden cells (e). Repre-
sentative images are shown. f The proliferation of BM-MSCs treated
with or without menatetrenone. a, ¢, d, f Data are represented as the
mean + SD; n=>5 per group; n.s. not significant

toward multiple cell lineages, especially at a concentra-
tion of 10 uM. In erythroid-inductive cultures of HSPCs
with BM-MSCs, pretreatment of the BM-MSCs with VD3
enhanced the generation of erythroblasts significantly in
a dose-dependent manner (Fig. 3d, e). These results indi-
cate that the BM-MSC-mediated maturation of HSPCs
toward erythroid cells is enhanced by VD3 rather than
menatetrenone.

Menatetrenone does not affect the differentiation
and proliferation capabilities of human BM-MSCs

When BM-MSCs were treated with menatetrenone for 24 h
and then cultured in an osteoinductive medium for 6 weeks,
their mineralization was comparable to that of untreated
BM-MSCs, as assessed by Alizarin Red S staining (Fig. 4a,
b). This result was supported by the results of a qRT-PCR
analysis showing that the mRNA expression levels of vari-
ous osteogenesis-associated genes, including runt-related
transcription factor 2, osterix, alkaline phosphatase, osteo-
pontin, and osteocalcin, were not up-regulated in menate-
trenone-treated BM-MSCs (Fig. 4c). When menatetrenone-
treated BM-MSCs were cultured in adipogenesis-inducing
medium for 3 weeks, their fat deposition was similar to that
of untreated BM-MSCs, as assessed by Oil Red O stain-
ing (Fig. 4d, e). Furthermore, the proliferation of mena-
tetrenone-treated BM-MSCs was comparable to that of
untreated BM-MSCs (Fig. 4f). Overall, these results indicate
that the multi-differentiation and proliferation capabilities of
BM-MSC:s are not affected by treatment with menatetrenone
for 24 h.

The increase in the CD34* cell population mediated
by menatetrenone-treated human BM-MSCs
depends on direct cell-cell interactions

Next, we examined the molecules that are involved in
enhanced hematopoietic expansion in co-cultures with
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menatetrenone-treated BM-MSCs. Array analyses of hemat-
opoiesis-associated soluble factors (cytokines/chemokines)
showed that their expression profiles did not differ markedly
between menatetrenone-treated and untreated BM-MSCs
(Fig. 5a). In addition, qRT-PCR analyses showed that the
mRNA expression levels of representative hematopoiesis-
associated soluble factors did not differ significantly between
menatetrenone-treated and untreated BM-MSCs (Fig. 5b).

We then performed a co-culture experiment of CD34*
HSPCs and menatetrenone-treated BM-MSCs using cell
culture inserts. The numbers of CD45% cells, CD347" cells,
CD341tCD38™ cells, and CD34TCD38™" cells in co-cultures
with inserts were significantly lower than those in co-
cultures without inserts (Fig. 5c¢). Importantly, increased
generation of CD45" and CD34" cells in co-cultures with
menatetrenone-treated BM-MSCs did not occur in the pres-
ence of the cell culture inserts (Fig. 5c, red squares). These
results indicate that direct cell—-cell interactions support the
dose-dependent generation of CD34* cells in co-cultures
with menatetrenone-treated BM-MSCs.

The percentages of CD34~CD33" and CD34"CD41a*
cells in co-cultures containing the cell culture inserts were
significantly higher than those in co-cultures lacking the cell
culture inserts (Fig. 5d). In addition, in the presence of the
inserts, menatetrenone treatment of BM-MSCs did not affect
the frequencies of these mature cells in co-cultures signifi-
cantly (Fig. 5d, red bars).

Fibronectin contributes to the enhancement of HPC
expansion by menatetrenone-treated human
BM-MSCs

Extracellular matrices and adhesion molecules in the BMM
play functional roles in homeostatic and regenerative hemat-
opoiesis. Among the various kinds of extracellular matrix
produced by BM-MSC:s, fibronectin is a crucial molecule
that supports HPCs [27]. An immunoblot analysis revealed
that fibronectin expression was up-regulated by menate-
trenone treatment of BM-MSCs in a dose-dependent man-
ner (Fig. 6a). Integrin a4p1 (very late antigen-4, VLA-4) is
a fibronectin receptor expressed on the surface of HSPCs
[28]. Therefore, we performed a blocking experiment using a
selective inhibitor of integrin a4, BIO1211. Increased expan-
sion of CD45™ cells, CD34™" cells, and CD34TCD38" cells
in co-cultures with menatetrenone-treated BM-MSCs was
abolished in BIO12-treated HSPCs (Fig. 6b). These results
indicate that fibronectin-mediated interactions between
HSPCs and menatetrenone-treated BM-MSCs contribute to
the generation of HPCs.

Direct treatment of CD34* cells with menatetrenone
does not promote enhancement of the CD34" cell
population

Next, CD34" HSPCs were directly exposed to mena-
tetrenone and then cultured alone (Fig. 7a). Treatment
with 1 and 5 pM menatetrenone reduced the numbers
of CD457 cells, CD347% cells, CD34*CD38" cells, and
CD34*7CD38" cells in cultures (Fig. 7b). Treatment with
10 and 50 uM menatetrenone reduced the numbers of
these cells to undetectable levels. These results suggest
that menatetrenone has opposing effects on BM-MSCs
and HSPCs with regard to expansion of CD34" hemat-
opoietic cells.

Effects of menatetrenone on human MDS-derived
cells

Menatetrenone is clinically considered for the treatment
of cytopenia in MDS patients; therefore, we examined the
effects of menatetrenone on MDS-derived cells. Treat-
ment of MDS-L cells, a unique cell line derived from
an MDS patient, with 1 or 10 uM menatetrenone did not
increase the percentage of Annexin V* propidium iodide
(PI)~ cells (early apoptotic cells; Fig. 8a, left panel, black
bars). By contrast, the frequency of Annexin V *PI* cells
(late apoptotic cells) was increased at 10 pM but not at
1 pM menatetrenone (Fig. 8a, right panel, black bars).
Notably, when MDS-L cells were cultured in the presence
of BM-MSCs, the frequency of Annexin V *PI~ cells was
decreased and the frequency of Annexin V *PI* cells was
increased (Fig. 8a, white bars versus black bars, and b).
These results indicate that BM-MSCs induce a shift of
MDS-L cells from an early apoptotic state to a late apop-
totic state. We further co-cultured MDS-L cells with BM-
MSCs in the presence of cell culture inserts. The percent-
age of Annexin V *PI™ cells with cell culture inserts was
higher than that without cell culture inserts, and the per-
centage of Annexin V *PI* cells with cell culture inserts
tended to be lower than that without cell culture inserts
(Fig. 8c). These results suggest that the shift of MDS-L
cells from an early apoptotic state to a late apoptotic state
requires cell—cell interactions between MDS-L cells and
BM-MSCs. When normal CD34" HSPCs were cultured
in the presence of BM-MSCs, the frequencies of Annexin
V *PI” and Annexin V TPIT cells were not affected by
menatetrenone treatment (Fig. 8d).
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Fig.5 Direct cell-cell interac-
tions, but not soluble fac-

tors, mediate enhanced HPC
expansion in co-cultures with
menatetrenone-treated human
BM-MSCs. a Cytokine arrays
of supernatants from cultures
of BM-MSC:s treated with 0,

1, or 10 uM menatetrenone.
CCL2 C—C motif chemokine
ligand 2, CXCL12 C-X-C motif
chemokine ligand 12, MIF mac-
rophage migration inhibitory
factor, SERPINE]I serpin family
E member 1, IL-6 interleukin-6.
b The mRNA expression levels
of multiple hematopoiesis-
associated genes in BM-MSCs
treated with O uM (black bars),
1 uM (gray bars), or 10 uyM
(white bars) menatetrenone, as
assessed by qRT-PCR; n=5
per group. Ang-1 angiopoi-
etin-1, FLT3L fms-related
tyrosine kinase 3 ligand, G-CSF
granulocyte colony-stimulating
factor, IL-6 interleukin-6, IL-11
interleukin-11, Jag-1 jagged-1,
LIF leukemia inhibitory factor,
M-CSF macrophage colony-
stimulating factor, SCF stem
cell factor. ¢ Co-culture of
CD34* HSPCs with BM-MSCs
treated with O (black bars), 1
(blue bars), or 10 uM (gray
bars) menatetrenone in the pres-
ence (+, red squares) or absence
(=) of cell culture inserts (n=4
per group). Flow cytometry
analyses showing the num-
bers of CD45% cells, CD34*
cells, CD347CD38" cells, and
CD34*CD38" cells. d Co-
culture of CD34" HSPCs with
BM-MSCs treated with 0, 1,

or 10 uM menatetrenone in the
presence (red bars) or absence
(black bars) of cell culture
inserts (n=4 per group). Flow
cytometry plots showing the
percentages of CD34~CD33*
cells, CD34-CD13" cells, and
CD34~CD4l1a" cells. b-d Data
are presented as the mean+SD;
*P<0.05; ¥*P<0.01;

*##%P <0.001; n.s. not signifi-
cant
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Fig.6 Fibronectin enhances HPC expansion mediated by menate-
trenone-treated human BM-MSCs. a Immunoblot analysis show-
ing the expression of fibronectin in BM-MSCs treated with 0, 1, or
10 uM menatetrenone. Actin was used as a loading control. b Flow
cytometry plots showing the numbers of CD45" cells, CD34% cells,
CD347CD38~ cells, and CD34TCD38™ cells in co-cultures of CD34"
HSPCs treated with a selective inhibitor of integrin o4 and BM-
MSCs treated with 0 pM (black bars), 1 uM (blue bars), or 10 M
(gray bars) menatetrenone (n=3 per group). b Data are presented as
the mean +SD

Discussion

Cytopenia is a common manifestation in acquired bone
marrow failure syndromes. Immunosuppressive agents
[29], cytokine/erythropoietin stimulating agents [30],
and lenalidomide [31] are effective in some patients with
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Fig.7 The CD34" cell population is not enhanced by direct treatment
of CD34% cells with menatetrenone. a Schema of the experiments.
b Flow cytometric analyses showing the numbers of CD45% cells,
CD34% cells, CD347CD38" cells, and CD34"CD38" cells in sin-
gle cultures of CD34% HSPCs treated with 0 uM (black bars), 1 uM
(dark gray bars), or 10 uM (light gray bars) menatetrenone (n=>5 per
group). Data are presented as the mean+ SD. **P <0.01

low-risk MDS, but supportive transfusion of blood prod-
ucts is still a major therapy [32]. Because MDS is primar-
ily a disease of people aged 70 years or older, available
therapies are limited [33, 34]. In combination with VD3
intake, daily oral intake of menatetrenone at osteoporosis-
treatment doses improves cytopenia in some patients with
MDS, without any severe adverse effects [4—6]. Therefore,
we examined the pharmacological effects of menatetrenone
on human BM-MSCs, of which hematopoiesis-supportive
characteristics have recently been reported. As expected,
the generation of CD45™ cells and the CD34*CD38" HPC
population were enhanced by menatetrenone treatment of
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Fig.8 Apoptosis of MDS-L
cells treated with menate-
trenone. a, b Flow cytometric
analyses showing the apoptosis
of MDS-L cells co-cultured
with or without BM-MSCs,
and treated with or without
menatetrenone. a Percentages
of Annexin V *PI” and Annexin
V *PI* cells in MDS-L cells
co-cultured with (MSC +, white
bars) or without (MSC —, black
bars) BM-MSCs treated with
0, 1, or 10 uM menatetrenone
(n=5 per group). *P <0.05;
**P<0.01; #**P<0.001. b
Representative dot plots of
Annexin V versus propidium
iodide (PI) expression. The
numbers in each box indicate
the percentages of cells. ¢ Flow
cytometric analyses showing the
percentages of Annexin V *PI~
and Annexin V *PI* cells in
MDS-L cells co-cultured with
BM-MSCs in presence (white
bars) or absence (gray bars) of
cell culture inserts (n=4 per
group). ¥*P <0.05; **P<0.01;
*#%P <(0.001. d Flow cytom-
etry plots showing apoptosis of
CD34" HSPCs after treatment
with O uM (black bars), 1 uM
(gray bars), or 10 pM (white
bars) menatetrenone (n=>5 per
group)
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BM-MSCs, and maturation of CD34" HSPCs toward mye-
loid and megakaryocytic cells was also enhanced. These
results provide mechanistic information regarding the
improvement of cytopenia by menatetrenone. In addition,
we also found that VD3 promoted erythropoiesis, indicat-
ing that the combined use of menatetrenone and VD3 could
improve anemia.

The pharmaceutical product information and an inter-
view form from Glakay® (a brand name of menatetrenone)
demonstrate that the average concentration of menatetrenone
in the human body is about 0.9 uM [35]. Another piece of
information was provided by a previous study, which indi-
cates that the half maximal inhibitory concentration (ICs)
of menatetrenone is 5 uM [9]. Therefore, we believe that
such concentrations will be the appropriate therapeutic and
circulating levels in patients. In addition, the concentration
of a single oral dose of menatetrenone peaks at around 4—6 h
after administration and decreases to a low level at around
12-24 h [35]. We speculate that the effect of menatetrenone
pretreatment on MSCs is temporary.

VLA-4 expressed by HSPCs binds to fibronectin, high-
lighting the significance of interactions between HSPCs
and stromal components to the adult hematopoietic sys-
tem in the BMM [28]. Here, fibronectin expression in BM-
MSCs was increased by menatetrenone treatment, and the
enhanced generation of CD34™ cells by menatetrenone was
abolished by a selective inhibitor of integrin a4. These
findings suggest that a VLA-4/fibronectin-mediated inter-
action between HSPCs and BM-MSCs contributes to the
generation of CD34% cells. We also found that menate-
trenone treatment of BM-MSCs accelerated the cell cycle
of CD34" cells. Thus, our study reveals a novel menate-
trenone-mediated pharmacological effect related to the
established molecular mechanism of hematopoietic cell
generation.

In our current study, BM-MSCs promoted the generation
of normal CD347 cells but the apoptosis of MDS-L cells.
The potential role of MSCs in the suppression or prolifera-
tion of cancer cells has been extensively explored in solid
tumors, including breast cancers, lung cancers, pancreatic
cancers, melanoma, and prostate cancers, by co-culture
experiments using normal MSCs. Some studies showed
inhibitory effects of MSCs on tumor cells, while others
demonstrated proliferative effects, regardless of the type of
cancer and source of MSCs [36—42]. Furthermore, studies
reported suppression of both proliferation and apoptosis by
MSCs [43, 44]. A dual role of MSCs was also demonstrated
in hematological malignant cells of B cell acute lympho-
blastic leukemia (B-ALL), T-cell acute lymphoblastic leu-
kemia, acute myeloid leukemia, and chronic myeloid leu-
kemia [45]. The reasons for the discrepancies between the

effects of MSCs on tumor cells are still unknown, but might
be related to the type of cells used (cell lines or primary
cells) or the specific culture conditions of leukemia cells
and MSCs. We showed previously that, when adhered to
BM-MSCs, human B-ALL cells acquire chemoresistance
and pro-survival characteristics, alongside enhanced Akt/
Bcl-2 pathway activity and increased GO cell cycle popula-
tions [46]. In addition, murine BM-MSCs support the gen-
eration of physiological precursor B-cells and the prolifera-
tion of leukemic precursor B-cells, possibly through the
production of C-X-C chemokine receptor type 4 [47]. Our
previous investigations revealed proliferative effects of BM-
MSCs on B-ALL cells. In the current study, MDS-L cells
were induced to be in a late apoptotic state in the presence
of normal BM-MSCs, and this effect was enhanced by treat-
ment of the MSCs with menatetrenone. Accordingly, the
effect of menatetrenone-treated MSCs on MDS-L cells is
opposite to that on normal CD347 cells. Moreover, cell—cell
adhesion between MDS-L cells and menatetrenone-treated
BM-MSCs plays a role in the shift of MDS-L cells from
an early apoptotic state to a late apoptotic state. We were
unable to identify previous investigations related to our
observations in public databases, probably due to diffi-
culties associated with obtaining primary MDS cells and
established MDS cell lines. Several studies demonstrated
that BM-MSC:s isolated from low-risk MDS patients differ
from normal BM-MSCs in that they are defective in cell
adhesion [48-51] and hematopoiesis-supportive function
[51-54]. Further investigations using BM-MSCs isolated
from low-risk MDS patients are warranted to examine the
pro-apoptotic effect of MSCs on MDS cells. A recent report
suggested that warfarin, an antagonist of vitamin K, com-
promises hematopoiesis and HSC function via impairment
of the hematopoiesis-supportive function of macrophages
and MSCs in the BMM, in association with impairment of
the integrin p3/periostin axis [55]. Of note, the authors of
the study suggested that warfarin is associated with a pos-
sible risk of MDS.

In conclusion, the results presented here indicate that
menatetrenone enhances the HPC population and genera-
tion of myeloid and megakaryocytic cells via effects on
human BM-MSCs in vitro. Direct cell—cell interactions,
mediated in part through fibronectin/VLA-4 rather than
hematopoiesis-related soluble factors, are implicated in the
process. In contrast to normal CD34* cells, MDS-L cells
undergo apoptosis in the presence of menatetrenone-treated
BM-MSC:s (Fig. 9). These data connect the pharmacologi-
cal activation of BM-MSCs with the previously recognized
clinical improvement of cytopenia by menatetrenone, and
may contribute to the enhancement of drug therapy in
patients with cytopenia.

@ Springer



328 A. Fujishiro et al.
Erythroid Myeloid Megakaryocytic
L P cells cells cells
Menatetrenone (’ A \;:;:.’\\\:_)
©
Apoptosis @ @@
MDS »
cells
Differentiation
HPCs

Menatetrenone

Fibronectin

\a A

: : : A : A

BM-MSC

BMM

Fig.9 Suggested model for the improvement of cytopenia by mena-
tetrenone treatment. Menatetrenone-treated human BM-MSCs sup-
port generation of the HPC population and the maturation of HSPCs
toward multiple cell lineages in BMM. Up-regulated fibronectin
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