Bone Marrow Failure
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ABSTRACT
The failure of normal hematopoiesis is observed in myeloid neo-

plasms. However, the precise mechanisms governing the replace-

ment of normal hematopoietic stem cells in their niche by
myeloid neoplasm stem cells have not yet been clarified. Primary acute
myeloid leukemia and myelodysplastic syndrome cells induced aberrant
expression of multiple hematopoietic factors including Jagged-1, stem
cell factor and angiopoietin-1 in mesenchymal stem cells even in non-
contact conditions, and this abnormality was reverted by extracellular
vesicle inhibition. Importantly, the transfer of myeloid neoplasm-
derived extracellular vesicles reduced the hematopoietic supportive
capacity of mesenchymal stem cells. Analysis of extracellular vesicle
microRNA indicated that several species, including miR-7977 from
acute myeloid leukemia cells, were higher than those from normal
CD34" cells. Remarkably, the copy number of miR-7977 in bone mar-
row interstitial fluid was elevated not only in acute myeloid leukemia,
but also in myelodysplastic syndrome, as compared with lymphoma
without bone marrow localization. The transfection of the miR-7977
mimic reduced the expression of the posttranscriptional regulator,
poly(rC) binding protein 1, in mesenchymal stem cells. Moreover, the
miR-7977 mimic induced aberrant reduction of hematopoietic growth
factors in mesenchymal stem cells, resulting in decreased hematopoiet-
ic-supporting capacity of bone marrow CD34* cells. Furthermore, the
reduction of hematopoietic growth factors including Jagged-1, stem cell
factor and angiopoietin-1 were reverted by target protection of poly(rC)
binding protein 1, suggesting that poly(rC) binding protein 1 could be
involved in the stabilization of several growth factors. Thus, miR-7977
in extracellular vesicles may be a critical factor that induces failure of
normal hematopoiesis via poly(rC) binding protein 1 suppression.

Introduction

In myeloid neoplasms (MNs) including acute myeloid leukemia (AML) and
myelodysplastic syndrome (MDS), a variety of mechanisms could be involved in
the failure of normal hematopoiesis.'® In these disorders, neoplastic clones eventu-
ally take over the bone marrow (BM) niche even in lower-risk MDS and hypoplas-
tic MDS.* It has been suggested that normal hematopoiesis could be compromised
in the development of AML/MDS as well as the growth advantage of AML/MDS
cells.”® However, the precise molecular mechanisms governing the replacement of
normal hematopoietic stem/progenitor cells by AML/MDS stem/progenitor cells
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have not yet been clarified.

Recently, it has been shown that BM stromal cells,
including mesenchymal stem/stromal cells (MSCs), coop-
erate to maintain normal hematopoietic’” and leukemic
stem cells via several molecules, including adhesion mole-
cules, gap junction proteins, cytokines and morphogens.
More recently, studies using mesenchymal progenitor-spe-
cific knockout mice demonstrated impaired microRNA
(miRNA) biogenesis in BM MSCs and the development of
MDS.* In patients with AML/MDS,; it has been shown by
our group and others that abnormal protein expression,
such as that of hedgehog-interacting protein® or aurora
kinase A/B,'"® occurs in MSCs. These findings suggest that
the dysfunction of MSCs could be associated with the
development of AML/MDS.

Recently, extracellular vesicles (EVs) released from
hematopoietic and BM stromal cells have been found and
regarded as novel factors that modulate communication
between stem cells and their niche.” The EVs have been
roughly classified into three types including apoptotic
body, microvesicle and exosome, according to their size
and production mechanism.”® EVs are extracellular
nanoshuttles of RNA, protein and lipids that facilitate
communication between cells and tissues. However, little
is known about the precise molecular mechanisms and
involvement of EVs that govern the induction of stromal
abnormalities.””?'

In the present study, we first conducted comparative
analyses between normal MSCs and those derived from
AML/MDS patients to gain insight into the comprehen-
sive changes in gene expression and cell function. We fur-
ther attempted to identify effectors that were correlated
with  alterations in AML/MDS-derived MSCs.
Consequently, we focused on EV miR-7977 released from
AML/MDS cells. We found that the copy number of miR-
7977 in the plasma of the BM cavity (BM fluid) was elevat-
ed not only in AML patients, but also in MDS patients.
Moreover, transfection of a miR-7977 mimic induced the
reduction of hematopoietic growth factors in BM MSCs,
resulting in a decreased hematopoietic-supporting capaci-
ty of BM CD34 cells.

Methods

Reagents and human BM MSCs

GW4869 (inhibitor of the neutral sphingomyelinase, SMPD2)
was purchased from Cayman Chemical (Ann Arbor, MI, USA).
Anti-Jagged 1 JAG1) (ab109536) and anti- PCBP1 (poly(rC) bind-
ing protein 1) antibodies (ab168377) were purchased from Abcam®
(Tokyo, Japan). StemPro®-34 (Life Technologies, Carlsbad, CA,
USA) was used as a serum-free medium. This study was approved
by the Institutional Review Board at our university and conducted
according to the Declaration of Helsinki. The patients with lym-
phoma stage I/II and those with AML/MDS in this study were
also fully informed of the experimental protocol. Human BM
CD34 cells and four different lot numbers of MSCs from healthy
volunteers (HVs) were purchased from AllCells, LLC (Toronto,
Canada) (HV-derived MSCs #1, #2, #3 and #4). Human primary
MSCs and human BM CD34+ cells derived from lymphoma
patients stage I/Il without bone marrow localization (control
MSCs) and patients with AML/MDS (Online Supplementary Table
S1 and Table S2) were prepared as previously described.”* The
MSCs were cultured in MSCGM™ hMSC basal medium with the
addition of supplements from the MSCGM hMSC SingleQuot Kit

(Lonza Japan Ltd, Tokyo, Japan). The diagnostic criteria of
AML/MDS were based according to the World Health
Organization (WHO) 2008 Classification of MNs. MDS was fur-
ther evaluated by the Revised International Prognostic Scoring
System (IPSS-R).

Coculture of BM CD34" cells with human MSCs

We modified our previous cord blood-based coculture system to
a BM CD34*-based system.”* In this new coculture system, BM
CD34" cells were cocultured with human control- or AML/MDS-
derived MSCs in serum-free StemPro®-34 medium in the presence
of a cytokine cocktail consisting of 50 ng/mL human thrombopoi-
etin (TPO), 10 ng/mL human stem cell factor (SCF), 50 ng/mL
human FIk2/FIt3 ligand (FLT3LG) and 100 ng/mL human delta-like
protein 4 (DLL4) (all from R&D Systems, Minneapolis, MN, USA).
In this system, the primary MSC layer could be maintained for
over 8 weeks even in a serum-free medium (Online Supplementary

Methods).

Clonogenic analysis of cocultured hematopoietic cells

The clonogenic assay was performed using MethoCult GF
H4434V (StemCell Technologies, Vancouver, Canada) as described
previously.”

Contact and non-contact culture systems

Contact and non-contact culture systems were conducted using
Polyester Membrane Transwell Clear Inserts and Companion
Plates (BD Biosciences, San Jose, CA, USA; pore size: 0.4 um, pore
density: 1x10%cm’, 12 well) as reported previously (Online
Supplementary Methods).**

EV transfer assay using cells labeled with GFP PKH26
and SYTO RNAselect

Green fluorescent protein (GFP)-transduced leukemic cells were
established using the retroviral vector, pRx-IRES-hrGFP, as
described previously.” The leukemic cells were stained with
PKH26 (Sigma-Aldrich, St. Louis, MO, USA), a red fluorescent
membrane cell linker, before coculture according to the manufac-
turer’s instructions as previously reported.” Total RNA in leukemic
cells was stained with SYTO RNAselect (Life Technologies). 2 x
10%to 2 x 10° labeled leukemic cells were added into the transwell
insert and cocultured for 3 or 14 days with or without 10 uM
GW4869 or nSMase2 siRNA (Stealth RNAi SAPD2 human
(s13170), Life Technologies) to inhibit EV secretion. Target MSCs
were transferred onto Lab-Tek II Chamber Slides (Thermo
Scientific, Waltham, MA, USA), and visualized using
ZEISS/ELYRAS  1LSM780 confocal microscope (ZEISS,
Oberkochen, Germany).

EV preparation

EVs were isolated from the supernatant of hematopoietic cell
lines or BM fluid by centrifugation, filtration and the Exosome
Precipitation Solution (ExoQuick-TC; System Biosciences,
Mountain View, CA, USA). Briefly, the supernatant of hematopoi-
etic cells or the BM fluid was centrifuged at 3,000 g for 15 min to
remove cells and apoptotic bodies.” Subsequently, the sample was
passed through a 0.45 um pore size Millipore Hydrophilic
Durapore filter (Merck Millipore, Tokyo, Japan).”** The larger-
sized microvesicular particles were deposited onto the filter mem-
brane. The resulting filtrate was transferred to a sterile vessel, and
the appropriate volume of ExoQuick-TC was added. After incuba-
tion at 4°C for 2 hours, the mixed solution was centrifuged at
1,500 g for 30 minutes and the supernatant was removed. The pel-
let was kept on ice and used as the EV fraction after centrifugation
at 1,500 g for 5 minutes to remove residual solution.
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Microarray analysis for EV miRNA

To harvest EVs from 2 x 10° primary AML CD34" cells, normal
BM CD34" cells and leukemic cell lines, including TF-1 and
Kasumi-1, cells were cultured in serum-free StemPro®-34 medium
with a cytokine cocktail on plates coated with FN fragments
(Retronectin® Takara Bio, Tokyo, Japan) instead of MSCs as
reported earlier” EV miRNA from the supernatant of CD34*
hematopoietic and leukemic cells were prepared as reported pre-
viously.® Microarray analysis of the miRNA profiles was done
with the human miRNA Oligo chip (Human_miRNA_V20) and
the 3D-Gene® miRNA labeling kit (TORAY, Kanagawa, Japan).

Statistical analysis

Each data set was first evaluated for normality of distribution by
the Komolgorov-Smirmov test to decide whether a nonparametric
rank-based analysis or a parametric analysis should be used. The
significance of differences between groups was assessed by
ANOVA, followed by Dunnett’s multiple comparison tests.
Results are expressed as the mean =+ standard deviation (SD). The
significance of differences was assessed by either the Student’s
t-test or the Mann-Whitney U-test, and a P-value < 0.05 was con-
sidered as statistically significant.
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Results

Analysis of gene expression and
hematopoietic-supporting capacity of MSCs derived
from normal or AML/MDS BM

In the present study, we first screened for differences in
gene expression between MSCs derived from control and
AML/MDS BM by quantitative real-time PCR (qRT-PCR)
array (Online Supplementary Methods). The expression of
multiple hematopoietic factors was reduced in
AML/MDS-derived MSCs as compared with control
MSCs, although the expression of some genes such as toll-
like receptor 4 (TLR4) and CD44 was elevated in
AML/MDS-derived MSCs (Figure 1A). To assess the
hematopoietic-supporting capacity of AML/MDS-derived
MSCs, normal BM CD34* cells were cocultured with
human control- or AML/MDS-derived MSCs in serum-
free StemPro®-34 medium in the presence of a cytokine
cocktail consisting of human SCE TPO, FLT3LG and
DLL4.” Using this system, we assessed the clonogenicity
and in vivo repopulating activity of BM CD34- cells 14 days
after their coculture with primary MSCs derived from
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Figure 1. Comparative analysis of mRNA expression between HV- and AML/MDS-derived MSCs. (A) Analysis of hematopoietic factors in MSCs by qRT-PCR array.
Results of cluster analysis in MSCs-derived from control (MSC ID 10, 11 and 12), RCUD (MSC ID 8), RAEB-2 (MSC ID 6), AML M2 (MSC ID 2) and AML M4 (MSC ID
1) patients (Online Supplementary Table S1). (B) Clonogenic assay after coculture with human stromal cells. Y-axis indicates the number of colonies after ex vivo
coculture of 2x10* BM CD34 cells on MSC layer. X-axis indicates the individual MSCs derived from control and AML/MDS patients. Pre-coculture indicates the number
of colonies derived from fresh BM CD34" cells. MSCs derived from HV were used as normal control. *P<0.01, colony-forming units (CFU)-Mix: primary AML/MDS-
derived MSCs vs. normal control-derived MSCs (Student’s t-test, two-tailed). BFU-E, burst forming units of erythroid; CFU-GM, CFU-granulocyte/monocyte; CFU-Mix,
CFU-mixed. Results are expressed as means + SD. Similar results were obtained in 3 independent experiments, performed in triplicate. AML/MLD: AML with multi-
lineage dysplasia. (C) All hematopoietic cells that were cocultured with AML/MDS-derived MSCs were transplanted into immunodeficient mice. Representative
results, each performed in triplicate of control MSCs (ID 10 (e), ID 11 (m), ID 12 (1)), MSCs derived from AML (ID 1 (o), ID 3 (o), ID 4 (A)) and MSCs derived from
MDS (ID 9 (A), ID 8 ([0)), are shown (Online Supplementary Table S1). Y-axis indicates the percentage of human specific CD45+ cells. X-axis indicates weeks after
transplantation. *P<0.01 controls vs. AML/MDS. Similar results were obtained in two independent experiments.
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AML/MDS patients. The number of colony forming unit
(CFU)-Mix was remarkably reduced as compared with
control MSCs (Figure 1B). Moreover, BM CD34" cells
cocultured with AML/MDS-derived MSCs, but not con-
trol MSCs, lost in vivo repopulating activity in immunode-
ficient mice (Figure 1C). Furthermore, comparative analy-
ses between control- (ID 11) and AML-derived MSCs (ID
2) using age-matched patients showed identical results
(Online Supplementary Figure S1). These results indicated
that AML/MDS-derived MSCs could not support normal
hematopoietic progenitor/stem cells.

Elucidation of the effectors that alter the hematopoiet-
ic factors derived from AML/MDS stromal cells

In an attempt to identify these effectors, we employed
non-contact and contact coculture systems to determine
whether the effectors are soluble or not (Figure 2A). In this
analysis, we employed the change in stromal JAG1 expres-
sion as an indicator, and used AML cell lines such as TF-1
(AML M6) and Kasumi-1 (AML M2) in this screening.
Unexpectedly, in both non-contact and contact coculture
systems, decreased JAG1 and SCF expression in MSCs was
observed with both leukemic cell lines (Figure 2B), indicating
that the effectors were at least in part soluble or humoral.

We further investigated whether primary AML and
MDS cells could induce a similar effect on primary BM
MSCs cultured in a non-contact system using hematopoi-
etic PCR array. Surprisingly, even primary MDS cells and
AML cells induced altered mRNA expression of multiple
hematopoietic growth factors in non-contact conditions
(Figure 2C, Highlighted). Remarkably, key hematopoietic
factors such as JAG1 and SCF in MSCs were significantly
reduced (Figure 2D). Collectively, certain soluble/humoral
factors may be involved in the reduction of JAG1 and SCF
mRNA expression.

The release of EVs from leukemic cells and transfer to
MSCs

It has been shown that hematopoietic cells, including
those in MNs, release a variety of soluble/humoral factors
such as cytokines, membrane-anchored mediators includ-
ing Wnt/Hh,®*' shed receptors and EVs.* Among them,
recent studies have focused on the involvement of EVs
including exosomes in transcriptome alteration and cellu-
lar phenotype switching. Hence, we investigated whether
leukemic cells secrete EVs in vitro into the supernatant. The
fraction of EVs was examined by transmission electron
microscopy, and 30-50 nm vesicles were mainly observed
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Figure 2. Analysis of the effect of MN cells on BM MSCs. (A) Non-contact and contact culture systems using transwell clear inserts with 0.4 pm pore membrane filter
and companion plates in serum-free StemPro®-34 medium. (B) The effect of non-contact and contact coculture of TF-1 or Kasumi-1 leukemic cells with BM MSCs
on JAG1 mRNA expression. Results are expressed as means + SD. *P<0.05, normal MSCs cocultured with AML cells vs. normal MSCs without coculture (Control).
(C) Effect of primary AML cells and MDS cells on the expression of hematopoietic factors in BM MSCs. CD34" fraction of primary AML cells and MDS cells were cocul-
tured with MSCs in the presence of cytokines including SCF, TPO and DLL4. The hematopoietic factors in MSCs were analyzed by qRT-PCR array. Sample ID: Cont-1,
ID 1; Cont-2, ID 3; Cont-3, ID 5; RCUD, ID 11; RAEB-1, ID 23; AML M1, ID 35; AML M2, ID 37; AML M4, ID 40 (Online Supplementary Table S2). (D) The expression
levels of JAG1 and SCF mRNAs were further confirmed by qRT-PCR. *P<0.01 controls vs. AML/MDS. Data represent three independent experiments, each done in

triplicate.
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(Figure 3A). Subsequently, the tetraspanin, CD63, and
endosomal markers, ALIX and TSG101, were examined
by immunoblotting analysis. As a result, CD63, ALIX and
TSG101 were detected in the fraction of EVs released
from TF-1 and Kasumi-1 cells (Figure 3B), suggesting that
EVs could contain exosomes as well as other microvesi-
cles.

Subsequently, we determined whether EV transfer from
leukemic cells to MSCs could be achieved. Leukemic cells
labeled with GFP and PKH26 (cell membrane) or SYTO
RNAselect (total RNA) were cocultured in a non-contact
system with MSCs. Diffuse GFP (green) and multiple and
sporadic PKH26 (red) signals were detected in MSCs by
confocal microscopy (Figure 3C, upper left panel). Super-
resolution analysis of these confocal images showed that
PKH26 signals exhibited multiple aggregations of hollow
shell pattern (Figure 3C, lower left panel). Further, sporadic
signals for SYTO RNAselect (green) were observed in
MSCs (Figure 3C, right panel). These findings clearly indi-

cated that the EVs derived from leukemic cells were effi-
ciently transferred into MSCs.

The effect of inhibition on microvesicular transfer and
gene expression in MSCs

To confirm the transfer of EVs and determine its effect
on MSCs, an EV inhibitor which functions through the
suppression of neutral sphingomyelinases (GW4869), as
well as siRNA and short hairpin (sh)RNA against the neu-
tral sphingomyelinase, sphingomyelin phosphodiesterase
2 (SMPD2), were used to treat MSCs cultured in a non-
contact system with leukemic cells. PKH26 (red) and GFP
(green) signals were largely decreased in the presence of
the inhibitor of EVs by confocal microscopic analysis, indi-
cating a reduction in the transfer of EVs from leukemic
cells to MSCs (Figure 3D and Online Supplementary Figure
S2A,52B). We subsequently examined whether the EV
inhibitor protected against changes in mRNA expression
by qRT-PCR array. Acute leukemic cell lines in non-con-
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Figure 3. The effect of inhibition of EV biogenesis by the nSMase2 inhibitor, GW4869, on BM stromal cells cocultured with leukemic cells.
(A) Transmission electron microscopy. The EV fraction was prepared from the supernatant of TF-1 cells. Scale bar: 100 nm. (B) The EV fraction was analyzed by
immunoblotting using anti-CD63, anti-ALIX and anti-TSG101 antibodies. The EV fraction was prepared from 5 ml supernatant of TF-1 or Kasumi-1 cells, or serum-
free medium. (C) EV transfer to MSCs was analyzed by super resolution confocal microscopy (ZEISS/ELYRAS 1LSM780). Left panels (upper and lower): Image of an
MSC cocultured with Kasumi-1 leukemic cells labeled with GFP (green) and PKH26 (red) shows presence of microvesicles in the cell (yellow, arrows). Scale bar: 10
um (left upper), 2.0 um (left lower). Right panel: Image of an MSC cocultured with leukemic cells labeled with SYTO RNAselect™ (green) shows transfer of RNA from
leukemic cells to the MSC. The signals were obtained by 5 rotations, and the pictures were reconstituted as a wide-field structured illumination microscopy (SIM)
image. DAPI (blue) was used for nuclear staining. Scale bar: 10 um. (D) EV transfer assay was conducted in the presence or absence of an EV inhibitor (GW4869) in
MSCs cocultured with leukemic cells labeled with PKH26 (red) and GFP (green), and visualized by confocal microscopy. Merged images are shown, and DAPI (blue)
was used for nuclear staining. Scale bar: 20 um. (E) Changes in JAG1 and SCF mRNA levels in MSCs cocultured with TF-1 or Kasumi-1 cells in serum-free StemPro®-
34 medium and treated with or without GW4869 were examined by qRT-PCR. Data shown are from one representative experiment of three showing similar results,
each done in sextuplicate. Y-axis indicates fold change relative to the control or control + GW4869 (=1.0) after normalization to 18S expression level. Results are
expressed as means + SD. 'P<0.05, HV-derived MSCs without coculture vs. HV-derived MSCs cocultured with AML cells. *P<0.05, HV-derived MSCs cocultured with
AML cells in the absence of GW4869 vs. HV-derived MSCs cocultured with AML cells in the presence of GW4869 (Student’s t-test, two-tailed).
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tact coculture with MSCs reduced the gene expression of
multiple hematopoietic factors including SCF and JAG1 in
MSCs (Figure 3E). Importantly, the EV inhibitor reverted
the reduction of a large number of genes including JAG1
and SCF (Figure 3E and Online Supplementary Figure S3A).
We additionally confirmed the effect of EV inhibition on
gene expression of SCF and JAG? by gRT-PCR. The
decrease in JAG1 expression was clearly inhibited by
SMPD2 shRNA (Online Supplementary Figure S2B) and the
EV inhibitor (Online Supplementary Figure S3A). SCF
expression was partially restored by shRNA (Ounline
Supplementary Figure S2C), suggesting that SCF expression
was regulated by not only EVs, but other factors as well.
We further examined whether these effects on MSCs
could be induced by primary AML cells. Although normal
CD34- cells did not alter JAG1 expression in MSCs (Online
Supplementary Figure S3B), myeloblastic leukemia (M2) and
myelomonocytic leukemia (M4) cells induced the reduc-
tion in JAG1 expression, which was restored by EV inhibi-
tion. Collectively, the alterations in certain mRNA expres-
sions such as JAG1 in MSCs were induced via EV transfer
from leukemic cells.
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Purification of EVs from primary AML and analysis
of miRNA

It has been revealed that EVs contain multiple compo-
nents including miRNA, mRNA, fragments of DNA, pep-
tides and lipids. Moreover, our results demonstrated that
detectable EV RNA from leukemic cells was transferred
into MSCs (Figure 3C). Balakrishnan et al. have recently
shown that miRNA interacts with mRNA and regulates
gene expression in BM stromal cells.”* Therefore, we
decided to analyze EV miRNA in our model. To obtain EV
miRNA, we utilized a fibronectin (FN)-based, MSC-free
culture system (Figure 4A). The CD34* fraction of normal
BM or AML cells was cultured on FN-coated dishes in 10
mlL of serum-free medium. Subsequently, the EV fraction
was enriched from the supernatant, and EV miRNA was
extracted. We compared the contents of miRNA harvested
from CD34" cells derived from HV and AML patients
using a human miRNA Oligo chip. Scatter plot and cluster
analysis revealed that EVs derived from primary AML (M1
and M4) cells contained an elevated fraction of miRNAs as
compared with normal BM CD34* cells (Figure 4B,C). In
particular, EV miR-4286, miR-7977 and miR-8073 from

o

2.57 miR-7977 *
2.0
1.57
101 4

*
. *
251 miR-4286 Q

ol H
miR-8063

*
*
2.0 miR-8073
*
1.5
1.0
miR-4732-5p

miR-6765-3p 051 B2

AML M4

miR-4286
miR-373-5p
miR-8073
miR-3907
miR-4758-3p
miR-494-3p
miR-498
miR-1260a
miR-4688
miR-4443
miR-4756-5p
miR-6872-3p

miRNA levels in cocultured MSC
N
o

miR-4322 BM AML AML
CD34 M1 M4

miR-6756-5p
miR-4787-3p
miR-7977
miR-513a-5p
miR-3194-5p
miR-6836-3p
miR-204-3p
miR-7975
miR-6808-5p

m

Cy5 / DAPI

I Min Log2
0 -2 Ratio

Magnitude of expression
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to purify the EVs derived from hematopoietic cells. (B) miRNA was analyzed by miRNA chip and compared. Scattered plot demonstrates that EV miRNA is released
from normal CD34*and primary AML cells (M4, Sample ID 40). (C) Heatmap of elevated EV miRNAs derived from leukemic CD34* cells as compared with those from
normal CD34" cells. Highlighted EV miRNAs show more than 2-fold elevation in both AML M1 (Sample ID 35) and AML M4 (Sample ID 40) as compared with normal
CD34" cells (Online Supplementary Table S2). CD34: commercially purchased normal CD34"* cells. (D) The levels of miR-7977, miR-4286 and miR-8073 were exam-
ined by gRT-PCR in MSCs cocultured with BM CD34*, primary AML M1 and AML M4 cells. SNORD61 was used as an internal standard. Results are expressed as
means + SD. *P<0.05, normal MSCs cocultured with AML cells vs. normal MSCs cocultured with CD34* cells (Student’s t-test). (E) Cy5-labeled miR-7977 was trans-
fected into AML M1 cells, which were cocultured with MSCs for 3 days. The labeled miR-7977 that was transferred into MSCs was analyzed by super resolution con-

focal microscopy (ZEISS/ELYRAS 1LSM780). Scale bar: 10 um.
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primary leukemic cells were more than 2-fold higher than
those from normal CD34" cells.

We examined whether these miRNAs could be trans-
ferred into MSCs after coculture with normal CD34" cells
and primary AML (M1 and M4) cells. Expectedly, the levels
of miR-7977, miR-4286 and miR-8073 in MSCs after cocul-
ture with primary AML (M1 and M4) cells were significant-
ly higher than in those cocultured with normal CD34+ cells
(Figure 4D). Moreover, Cy5-labeled miR-7977 in AML M1
cells was transferred into MSCs 3 days after non-contact
coculture (Figure 4E). These results indicated that miRNAs
in AML cells could be transferred via EVs.

The level of miRNA in human BM cavity

We further investigated whether the level of EV miRNA
was elevated in BM fluid in patients with AML/MDS
obtained by BM aspiration. According to the Revised
International Prognostic Scoring System (IPSS-R), MDS
patients were classified into lower-risk MDS (very low
and low) and higher-risk MDS (intermediate, high and
very high). Electron microscopy revealed that multiple 30-
50 nm vesicles could be observed in BM fluid (Figure 5A),
and CD63, ALIX and TSG101 were detected in these vesi-
cles (Figure 5B). Subsequently, we analyzed the copy num-
ber of miR-7977, miR-4286 and miR-8073 in EVs of BM
from lymphoma stage I/II (as control), MDS and AML
patients (Online Supplementary Table S2). We found that
miR-7977 was significantly increased even in lower-risk
MDS in addition to higher-risk MDS and AML patients
(Figure 5C). Moreover, miR-7977 was significantly corre-
lated with the percentage of blasts in BM (Figure 5D).
However, miR-4286 and miR-8073 were not significantly
increased in lower-risk MDS patients although miR-4286
was significantly increased in AML patients, and miR-
8073 was significantly increased in higher-risk MDS and
AML patients (Online Supplementary Figure S4A,S4B).
Collectively, these results indicated that aberrant expres-
sion of miR-7977 in the BM cavity could be involved in
the disturbance of normal hematopoiesis in patients with
MDS and AML.

The effect of miR-7977 on MSCs

Using an online database for miRNA target prediction
(miRDB), we found that miR-7977 can potentially interact
with JAG1 mRNA and primarily interacts with PCBP1
mRNA, which is involved in posttranscriptional control.**
Hence, we employed a miR-7977 mimic to analyze the
effect on BM MSCs. The levels of JAG1 and PCBP1
mRNA were decreased after transfection of the miR-7977
mimic (Online Supplementary Figure S5A), and target pro-
tection of JAG1 and PCBP1 reverted their reduction
(Figure 6A,B). Moreover, luciferase assay with the 3’
untranslated region (3'UTR) of JAG1 and PCBP1 indicated
that miR-7977 directly interacted with PCBP-1 and JAG1
mRNAs (Figure 6C,D). Unexpectedly, target protection of
PCBP1 partially reverted the reduction in JAG7 mRNA
after transfection with the miR-7977 mimic (Figure 6E). It
has been revealed that the K-homologous (KH) domain of
PCBP1 binds to the 3'UTR with a C-rich motif of mRNAs
and enhances the efficiency of 3’ processing, thereby alter-
ing the levels of expression of subsets of mRNAs in the
mammalian transcriptome.* Thus, JAG1 mRNA may be a
target of PCBP1. These findings indicated that miR-7977
regulated JAG1 expression at the translational and post-
transcriptional levels via PCBP1. Importantly, the levels of
mRNAs of multiple growth factors were reduced after
transfection of the miR-7977 mimic into MSCs (Online
Supplementary Figure S5B). Moreover, the reductions in
SCF and ANGPT1 (Angiopoietin 1) proteins were reverted
by target protection of PCBP1 (Figure 6F), suggesting that
PCBP1 could be involved in the stabilization of multiple
growth factors. Collectively, transfection of a miR-7977
mimic could induce disturbance of the expression of
hematopoietic factors in BM MSCs.

Evaluation of hematopoietic-supporting capacity of
MSCs after transfection of a miR-7977 mimic

In an attempt to assess the hematopoietic-supporting
capacity of negative control or miR-7977 mimic-transfected
MSCs, we analyzed the expression of surface markers on
hematopoietic cells 7 days after coculture with BM CD34*

Figure 5. The copy number of EV miR-7977 in BM fluid. (A) The
EVs in BM fluid after BM aspiration (Sample ID 3) were analyzed
by transmission electron microscopy. Scale bar: 50 nm. (B) The
EV fraction derived from patients with MALT lymphoma stage |

(Sample ID 3), RCUD (ID 11), RAEB-1 (ID 23) and AML (ID 28)
was analyzed by immunoblotting using anti-CD63, anti-ALIX and
anti-TSG101 antibodies (Online Supplementary Table S2). (C) EV

miR-7977 in BM fluid was analyzed by gRT-PCR. A miR-7977
mimic was used as internal positive control during miRNA quan-
tification. Y-axis indicates the copy number of miR-7977 in 1 mL
of BM fluid obtained by BM aspiration. Lymphoma stage /1l with-
out BM localization as control (n=9), lower-risk MDS (n=10),
higher-risk MDS (n=8) and AML (n=13) patients. Results are
expressed as means + SD. *P<0.05, the copy number of miR-
7977 in lower-risk MDS, higher-risk MDS or AML vs. the copy
number of miR-7977 in control (ANOVA, followed by Dunnett’s
multiple comparison tests). (D) Correlation between the copy
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cells. The number of CD34*CD38 cells and CFU-Mix in
coculture with miR-7977 mimic-transfected MSCs was sig-
nificantly lower than that in coculture with negative con-
trol-transfected MSCs  (Figure 7A,B  and Online
Supplementary Figure S6A). The percentage of CD34-
CD38 and CD11b" cells that were cocultured with miR-
7977 mimic transfected MSCs was higher than that cocul-
tured with negative control transfected MSCs (Figure 7A,B
and Online Supplementary Figure S6B). These results suggest-
ed that the hematopoietic-supporting capacity of miR-7977
mimic transfected MSCs was reduced as compared with
that of negative control transfected MSCs. Importantly, the
reduction in the hematopoietic-supporting capacity of miR-
7977 mimic transfected MSCs was reverted with the
cotransfection of the PCBP1 protector, or ANGPT4 or SCF

expression vector (Online Supplementary Figure S7A,S7B).*
Subsequently, we prepared EVs from 5 mL of BM fluid
derived from HV or AML/MDS patients and labeled them
with PKH26. AML/MDS-derived EVs contained abundant
miR-7977 while control EVs had a drastically lower level of
it (Figure 5C). The transfer efficiency of both control- and
AML/MDS-derived EVs into MSCs was around 50%
(Online Supplementary Figure S8). The percentage of CD34*
cells and the number of clonogenic cells in coculture with
MSCs harboring AML/MDS-derived EVs were significantly
lower than those in coculture with MSCs harboring control
EVs (Figure 7C and Online Supplementary Figure S9). These
results strongly suggest that miR-7977 modulates the
hematopoietic-supporting capacity of BM MSCs via reduc-
tion of PCBP1.
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Figure 6. The effect of a miR-7977 mimic on MSCs. (A) The reduction in JAG1 was analyzed by western blotting analysis. Control, 5 nM negative control siRNA; miR-
7977, 5 nM miR-7977 mimic; Control protector, 250 nM negative control miScript Target Protector; JAG1 protector, 250 nM Target Protector for JAG1. (B) The reduc-
tion in PCBP1 was analyzed by western blotting analysis. PCBP1 protector, Target Protector for PCBP1. Direct interaction between miR-7977 and target genes was
evaluated by luciferase assay using pLuc-JAG1 (C) and pLuc-PCBP1 (D). Data are presented as the ratio of the normalized value to the light emission observed in
the cells transduced with the control vector (pLuc-Cont). pMIR-Cont or pMIR-7977 was cotransfected with pLuc-JAG1 or pLuc-PCBP1 into MSCs 48 hrs before analysis
(Online Supplementary Methods). Data shown are from one representative experiment of three showing similar results, each done in quadruplicate. Results are
expressed as means + SD. *P<0.05, pMIR-Cont with pLuc-Cont vs. pMIR-7977 with pLuc-JAG1. **P<0.01, pMIR-Cont with pLuc-Cont vs. miR-7977 with pLuc-PCBP1.
(E) The expression of JAG1 mRNA in MSCs after transfer of 5 nM miR7977 mimic and 250 nM PCBP1 protector was examined by qRT-PCR. *P<0.05, HV-derived
MSCs transduced with negative control vs. HV-derived MSCs transduced with miR-7977 mimic. 'P<0.05 MSCs transfected with miR-7977 mimic vs. MSCs cotrans-
fected with miR-7977 mimic and PCBP1 protector (Student’s t-test). Y-axis indicates fold change relative to the control or control + GW4869 (=1.0) after normalization
to 18S expression level in MSCs. Data shown are from one representative experiment of three showing similar results, each done in quadruplicate. (F) The recovery
of SCF and ANGPT1 expression after PCBP1 protector transfer into MSCs was analyzed by western blotting analysis.
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Discussion

In the present study, we found that the expression of
multiple growth factors was significantly reduced in
AML/MDS-derived BM MSCs as compared with those
from control BM MSCs. Functionally, AML/MDS-derived
BM MSCs exhibited lower hematopoietic-supporting
capacity of stem/progenitor cells. Moreover, EVs derived
from the CD34* fraction of AML/MDS cells could be
transferred to MSCs, and EV inhibition partially restored
aberrant expression of hematopoietic growth factors
including JAG1, SCF and ANGPT1 in AML/MDS-derived
MSC:s. In addition, EV miR-7977 derived from AML/MDS
cells was remarkably enriched in vitro and in BM cavity,
and was found to be involved in aberrant expression of
mRNAs and reduction in the hematopoietic-supporting
capacity of BM MSCs.

Recently, mesenchymal progenitor-specific conditional
Dicer1  knockout or osteoblast-specific activating
p-catenin knock-in increased the frequency of genetic

mutations in hematopoietic cells and eventually the devel-
opment of AML/MDS.*** Further, activating p-catenin
knock-in cells exhibited elevated JAGY expression.
Conversely, Dicer! knockout cells exhibited a reduction in
JAG1 expression (GDS3404 and GDS4504). These find-
ings suggest that osteoblasts and MSCs play different roles
in supporting normal hematopoiesis,” and JAG1 expres-
sion could be regulated by B-catenin signaling and miRNA
biogenesis. Consistent with these previous reports, we
and others reported that mRNA expression of hematopoi-
etic factors in MDS-derived MSCs was significantly dis-
turbed.”*® Moreover, we revealed in the present study that
the mRNA expression of several hematopoietic factors in
BM MSCs was decreased (Figure 1A), and these reduc-
tions correlated with the dysfunction of hematopoietic
support in AML/MDS-derived MSCs (Figure 1B,C).
Collectively, the disturbance of MSC function in
AML/MDS could be involved in the failure of normal
hematopoiesis.

From these results, an ensuing intriguing question is
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Figure 7. Hematopoietic-supporting capacity of miR-7977 mimic-transfected MSCs. (A) Expression of CD34 and CD38 in ex vivo cocultured hematopoietic cells. The
X-axis indicates CD34 labeled with a FITC-conjugated monoclonal antibody (CD34-FITC). The Y-axis indicates CD38 labeled with a PE-conjugated monoclonal antibody
(CD38-PE). Positivity for a surface antigen was defined using the isotype control monoclonal antibody. Left panel: Isotype control. Middle left panel: Expression of
CD34/CD38 in ex vivo cultured hematopoietic cells without MSCs in the presence of SCF, TPO, FLT3LG and DLL4. Middle right panel: Expression of CD34/CD38 in
cocultured hematopoietic cells with negative control-transfected MSCs. Right panel: Expression of CD34/CD38 in cocultured hematopoietic cells with miR-7977
mimic-transfected MSCs. Data shown are from one representative experiment of three showing similar results. (B) The summary of CD34,/CD38 positive cells after
culture with or without MSCs. *P<0.01 negative control vs. miR-7977 mimic. MSC free: CD34,/CD38 positive cells among cultured hematopoietic cells without MSCs.
(C) Expression of CD34 in ex vivo hematopoietic cells cocultured with HV-derived MSCs harboring EVs derived from lymphoma stage I/Il (control), MDS or AML
patients. Non-treated HV-derived MSCs (n=4, lot number #3), MSCs with control EVs (n=4, sample ID 1, 2, 3 and 4), MSCs with MDS-derived EVs (n=4, sample ID
10, 11, 22 and 23) and MSCs with AML-derived EVs (n=4, sample ID 28, 29, 31 and 33). MDS- and AML-derived EVs contained abundant miR-7977. The Y-axis indi-
cates absolute number of CD34*CD38" cells. *P<0.01, Non-treated MSCs vs. MSCs with AML/MDS-derived EVs. P<0.05, Non-treated MSCs vs. MSCs with HV-derived
EVs (Student’s t-test, two-tailed). Data shown are from one representative experiment of three showing similar results.
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how the disturbance of stromal function is induced. One
possible explanation is that stromal dysfunction occurs
spontaneously with advancing age and/or genetic damage
mediated by reactive oxygen species. Consistent with
these notions, it was previously reported that chromoso-
mal abnormalities such as loss of heterozygosity and uni-
parental disomy (UPD), which can result from double-
stranded breaks, are sometimes observed in MSCs derived
from AML/MDS patients.”*" Another possible explana-
tion is that certain factors can directly induce functional
abnormality in MSCs. Recently, it was demonstrated that
the transplantation of chronic myelogenous leukemia
(CML) repopulating cells into immunodeficient mice
altered the microenvironmental regulation of the stem cell
niche.”* In accordance with these findings, we also
found that primary CD34* leukemic cells, but not normal
CD34- cells, induced a decrease in JAG1 and SCF expres-
sion. These findings indicated that leukemic cells could
induce the dysfunction of BM stromal cells.

However, it is difficult to identify the effectors in
leukemic cells which mediate these effects. To resolve this
problem, we utilized the non-contact and contact culture
systems using primary leukemic cells and MSCs. We
found that even in a non-contact condition, primary
leukemic cells induced the alteration of mRNA expression
in MSCs, suggesting that the effectors are soluble or
humoral factors (Figure 2). Recently, it was demonstrated
that EVs derived from BM MSCs facilitated the progres-
sion of multiple myeloma,* and those derived from CML
and chronic lymphocytic leukemia cells facilitated the pro-
gression through an autocrine mechanism.””! Moreover,
primary AML cells released EVs which were possibly
enriched for both coding and non-coding RNAs.”* These
findings led us to explore the possibility of EVs-mediated
communication between leukemic cells and MSCs. In the
present study, comparative analysis revealed that miRNA
species, including miR-7977, were elevated in AML-
derived EVs (Figure 4C), and miR-7977 was significantly
elevated in MSCs cocultured with primary AML cells
(Figure 4D) as well as BM fluid of AML, in lower-risk and
higher-risk MDS patients (Figure 5C). These results sug-
gested that BM EVs work as nanoshuttles to carry various
biological elements including miRNA. Importantly, trans-
fection of a miR-7977 mimic reduced the levels of JAG1
and PCBP1 (Figure 6A,B).

It has been revealed that the KH-domain of PCBP1 binds
to a 3’'UTR with C-rich motif of mRNAs and enhances the
efficiency of 3’ processing, thereby altering the levels of
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