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ABSTRACT

Although it has been reported that mesenchymal stromal cells are unable to provide sufficient hematopoietic sup-
port in myelodysplastic syndrome, the underlying mechanisms remain elusive. In this study, we found that mes-
enchymal stromal cells from patients with myelodysplastic syndrome displayed a significant increase in senes-
cence, as evidenced by their decreased proliferative capacity, flattened morphology and increased expression of
SA-B-gal and p21. Senescent mesenchymal stromal cells from patients had decreased differentiation potential and
decreased stem cell support capacity. Gene knockdown of Dicerl, which was down-regulated in mesenchymal
stromal cells from patients, induced senescence. The differentiation and stem cell-supporting capacities were sig-
nificantly inhibited by Dicerl knockdown. Overexpression of Dicerl in mesenchymal stromal cells from patients
reversed cellular senescence and enhanced stem cell properties. Furthermore, we identified reduced expression in
the microRNA-17 family (miR-17-5p, miR-20a/b, miR-106a/b and miR-93) as a potential factor responsible for
increased p21 expression, a key senescence mediator, in Dicerl knockdown cells. Moreover, we found that miR-
93 and miR-20a expression levels were significantly reduced in mesenchymal stromal cells from patients and miR-
93/miR-20a gain of function resulted in a decrease of cellular senescence. Collectively, the results of our study
show that mesenchymal stromal cells from Fatients with myelodysplastic syndrome are prone to senescence and

that Dicer]l down-regulation promotes cellu

ar senescence and decreases the differentiation and stem cell-support-

ing capacities of mesenchymal stromal cells. Dicerl down-regulation seems to contribute to the insufficient
hematopoietic support capacities of mesenchymal stromal cells from patients with myelodysplastic syndrome.

Introduction

Myelodysplastic syndrome (MDS) is a heterogeneous
group of clonal diseases derived from hematopoietic stem
cells and is characterized by ineffective bone marrow
hematopoiesis and a substantial risk of progression to acute
myeloid leukemia. In spite of intense research on the cellular
and molecular pathophysiology of MDS' over the past
decade, including studies of epigenetic changes, mutations
and abnormalities in cytokines and the immune system, the
role of the bone marrow (BM) microenvironment in MDS
remains to be characterized.

The BM microenvironment is composed of various cells
and an extracellular matrix, and these components cooperate
to regulate hematopoiesis. Mesenchymal stromal cells (MSC),
which are undifferentiated and pluripotent, are key compo-
nents of the BM microenvironment.* It has become evident
that the interaction between MSC and hematopoietic stem
cells is important in inducing the quiescence of hematopoietic
stem cells both in vivo and in vitro.” The possible involvement
of MSC in the pathogenesis of MDS has not been clearly
studied, and existing data regarding the cytogenetics and
function of MSC in patients with MDS are contradictory.

Some authors have reported that MDS-derived MSC have a
decreased capacity to support hematopoiesis and defective
proliferative, differentiation and immunosuppressive poten-
tial.** However, other authors report results indicating the
opposite." The discrepancies between the results of the
studies might be attributed to the use of different MDS sub-
types, different passage numbers and even dissimilar cell pop-
ulations. Recently, Schroeder et al. tested a large number of
cell samples from MDS patients."” They found that MSC from
patients with MDS are structurally, epigenetically and func-
tionally altered and their stromal support function is
impaired. However, the precise mechanisms of insufficient
stromal support in MDS remain elusive.

Evidence accumulated in recent years demonstrates that
MSC from MDS are intrinsically pathological, exhibiting a
continuous decline in proliferation as a result of increased
senescence.'”" Cellular senescence is usually accompanied by
functional changes. Indeed, decreased differentiation has
been linked to senescence and aging in MSC.*" Determining
how and whether increased cellular senescence contributes to
insufficient stromal support in patients with MDS is a topic
for further investigation.

Cellular senescence is a complex process. Increasing evi-
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dence suggests that microRNA (miRNA, miR) are func-
tionally involved in MSC senescence.”® The ablation of
Dicerl (an RNAse III endonuclease essential for miRNA
biogenesis) and the loss of mature miRNA in embryonic
fibroblasts and endothelial cells inhibited cell proliferation
and induced a premature senescence phenotype.””
Although recent striking findings indicate that Dicerl
deletion can induce an MDS phenotype in mice® and that
Dicerl expression is reduced in MSC from MDS patients,*
the precise mechanism by which the Dicerl gene con-
tributes to the pathogenesis of MDS remains elusive. We
inferred that disordered expression of Dicerl could con-
tribute to abnormal MSC senescence and impaired stro-
mal support in MDS.

The aims of this study were, therefore, to evaluate the
senescent features of BM-MSC from patients with MDS
and to explore the role of Dicer! in the senescence of MSC
and the disturbed stromal function observed in patients
with MDS.

Methods

Patients and control samples

A total of 77 patients with MDS were included in this study.
Their characteristics are detailed in Online Supplementary Table S1.
Patients were diagnosed with MDS according to the minimum
diagnostic criteria established by the Conference on MDS.”
Patients were classified for the study as “lower-risk” (LR)
[International Prognostic Scoring System (IPSS) low/int-1] and as
“higher-risk” (HR) (IPSS-int-2/high).” Twenty-two healthy volun-
teers were used as controls (median age 62 years; age range, 43-78
years) and were matched for gender and age. All study participants
signed an informed consent form. The research was approved by
the ethics committee of the Sixth Hospital affiliated with Shanghai
Jiao Tong University, and all patient-relevant research strictly abid-
ed by the Declaration of Helsinki.

Mesenchymal stromal cell characterization

BM-MSC were isolated and cultured; their immunophenotype,
clonogenic and proliferative potential, and differentiation were
studied and SA-B-Gal assay were performed. Detailed information
about the experiments is provided in the Online Supplementary
Material.

RNA isolation and real-time polymerase chain
reaction analysis

Total RNA was isolated using TRIzol (Invitrogen, Paisley,
Scotland) according to the manufacturer’s instructions. For mRNA
detection, the RNA was reverse transcribed using the RevertAid
First Strand cDNA Synthesis Kit (Fermentas, Burlington, Canada)
according to the manufacturer’s protocol, and real-time poly-
merase chain reaction (RT-PCR) was performed using
RealMasterMix (Takara, Dalian, China). The process used was
described in detail in our previous study.” The primers are listed in
Online Supplementary Table S2. RT-PCR for miRNA was performed
using the PrimeScript™ miRNA qPCR Starter Kit Ver. 2.0 (Takara,
Dalian, China). RNU6B was used as the housekeeping gene. Fold
change was calculated using the AACT method of relative quan-
tification.

Isolation of CD34" cells and CD271" cells

Mononuclear cells were obtained from BM aspirates by density
gradient separation and then subjected to immunomagnetic
enrichment of CD34" cells or CD271" cells (Miltenyi Biotec,

Bergisch Gladbach, Germany) according to the manufacturer’s
protocol.

Long-term culture

To evaluate the capacity of MSC to sustain the survival and pro-
liferation of early hematopoietic progenitor cells, a long-term cul-
ture-initiating cell (LTC-IC) assay was performed according to the
manufacturer’s protocol. Detailed information is provided in the
Online Supplementary Matetial.

Dicer1 short-hairpin RNA and cell transductions

Three pLenti X1 Puro-shDicerl-eGFP vectors and plentiX1
puro-sheontrol (negative vector) were constructed by Guangzhou
Cyagen Biosciences, Inc. For the lentiviral transduction, lentivirus-
es were produced in 293T cells using standard protocols and
pLV/helper-SL3, pLV/helper-SL4 and pLV/helper-SL5 as packaging
vectors. Detailed information about cell transductions is provided
in the Online Supplementary Material.

Construction of adenoviral vectors for expression of
Dicer1, production of adenovirus and cell transductions

The adenovirus expression vector that encodes human Dicerl
was generated using the Adeno-X Expression System (BD
Biosciences Clontech). The recombinant virus was packaged and
amplified in HEK293 cells and purified by CsCl density gradient
centrifugation. To package adenovirus, the adenoviral vectors
were linearized with the restriction enzyme Pacl and transfected
into HEK293 cells using Lipofectamine2000. After several rounds
of propagation, recombinant adenovirus was purified by an
AdEasy virus purification kit (Stratagene). The transfection was
performed according to the manufacturer’s protocol.

Overexpression of microRNA-93/microRNA-20a

The human miR-93, miR-20a and scrambled control lentivirus
were purchased from Genechem Company, Shanghai, China.
MDS-MSC were transfected according to the manufacturer’s pro-
tocol. Twenty-four hours after transfection, the medium was
removed and replaced with fresh medium.

Results

Senescent features of bone marrow mesenchymal stromal
cells from patients with myelodysplastic syndrome

The BM-MSC cultured from each patient with MDS
and from healthy controls were successfully expanded.
Cells from cultures were devoid of hematopoietic cells,
being negative for the hematopoietic antigens CD45 and
CD34, and were positive for CD73, CD90, CD105, and
CD166.* MSC from healthy controls (HC-MSC) dis-
played a characteristic spindle-like morphology, whereas
MDS-MSC were larger and irregular (Figure 1A). Under
routine /n vitro culture conditions, we observed that MDS-
MSC ceased growing earlier (passages 6 to 9) than HC-
MSC (passages 13 to 15) (data not shown). Colony-forming
unit (CFU)-fibroblast (CFU-F) assays were performed to
assess the clonogenic potential of the MSC. The BM-MSC
from all MDS subtypes exhibited decreased cumulative
CFU-F numbers at passages 1, 3 and 5 compared with HC-
MSC (all P<0.05, Figure 1B,C). Furthermore, the doubling
times of MSC at passages 1, 3 and 5 were significantly
higher in MDS patients than in controls (Figure 1D). The
data regarding the cell doubling time were also confirmed
by CCK-8 assay. Over the 7-day culture period, the num-
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ber of live cells corresponding to the optical density from
both LR- and HR-MDS groups increased more slowly than
that from the control group (Figure 1E).

To investigate whether the decreased cell growth of
MDS-MSC was due to increased apoptosis, annexin V*
cells were measured by flow cytometry. No apoptotic cells
were observed in our BM-MSC cultures (<1%, data not
shown). Furthermore, SA-B-gal was used to examine the
presence of senescence in MSC. The number of SA-B-gal-
positive cells was notably increased in MDS-MSC at each
time point assessed (Figure 2A,B). At passage 3, the medi-
an percentage of senescent cells in HC-MSC was 5.5% of
the total. Using a cutoff value of 5.5%, increased senes-
cence was observed in 82.4% (14/17) of LR-MDS-MSC
and 60% (9/15) of HR-MDS-MSC. The distribution of
senescence among samples is shown in Ounline
Supplementary Figure S1A.

We then evaluated the expression of multiple key

mediators, including p21, pl6 and RB, which are
involved in regulating cell senescence. We observed an
up-regulation of p21 in MDS-MSC compared with
healthy controls (Figure 2C). However, no differences
were observed for p16 and RB expression between MDS
and healthy controls. Furthermore, we found increased
expression of p21 in senescent MDS-MSC (SA-B-gal-pos-
itive cells =5.5%) than in non-increased senescence
MDS-MSC  (NS-MDS-MSC, SA-B-gal-positive cells
<5.5%) (data not shown).

In line with these findings, primary (CD2717) MSC from
MDS patients also displayed increased cellular senescence,
as shown by a significantly higher number of SA-B-gal-
positive cells and higher expression of p21, compared with
healthy controls (Online Supplementary Figure S1B-D).
Taken together, these data suggest that MSC from MDS
patients had decreased proliferation capacity and
increased senescence.
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Senescent myelodysplastic syndrome mesenchymal
stromal cells exhibited decreased differentiation and
stem cell-supporting capacity

Considering that cell dysfunction is associated with
senescence, we evaluated the capacity of senescent MDS-
MSC and HC-MSC to differentiate and to support stem
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cell growth. The osteoblastic and adipogenic differentia-
tion potentials of MSC were evaluated by cytochemical
staining and relative mRNA expression. Compared with
HC-MSC and NS-MDS-MSC, the osteogenic differentia-
tion potential of senescent MDS-MSC was significantly
reduced, as reflected by the mineralization analyses and

Figure 2. Cellular senescence in MDS-
MSC. (A, B) SA-B-gal was used to
examine MSC senescence. One hun-
dred MSC per individual sample were
counted using light microscopy (100
x maghnification). The number of SA-
p-gal-positive cells clearly increased
among LR-MDS-MSC (n=17) and HR-
MDS-MSC (n=15). (C) Expression of
senescence-related molecular p21 in
MDS-MSC, as determined by RT-PCR
(n=77). The results are expressed as
means + SD. Compared with HC-MSC,
the significance was set as *P<0.05;

**P<0.001.
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Figure 3. Differentiation of senescent (S)-MDS-MSC. Osteogenic differentiation of S-MDS-MSC (A-E). Before MSC osteogenic differentiation, the
degree of senescence was estimated by SA-p-gal staining. MDS-MSC were divided into two groups: S-MDS-MSC (SA-B-gal-positive cells 25.5%,
n=15) and non-senescent (NS)-MDS-MSC (SA-3-gal-positive cells <5.5%, n=12). (A, B) Mineralization analysis. The mineralization was visual-
ized by Alizarin red S staining at 21 days (100 x maghnification). (C) ALP activity measurements. ALP activity was measured at 7 days after
osteogenic differentiation using an alkaline phosphatase activity kit. (D, E) Relative levels of RUNX2 and ALP mRNA in cells differentiated for
21 days. Adipogenic differentiation of S-MDS-MSC (F-I). (F) Representative images of lipid droplet formation on day 21 after adipogenic differ-
entiation (100 x maghnification). (G) Quantitation of oil red-O incorporation was determined according to the amount of extracted dye at 510
nm. (H, I) Relative FABP4 and C/EBPamRNA expression levels in cells differentiated for 21 days. The results are expressed as means + SD.
Compared with HC-MSC, the significance was set as *P<0.05; **P<0.001.
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ALP activity measurement (Figure 3A-C). Consistent with
the results of the cytochemical staining, the mRNA levels
of ALP and Runx2, two key factors involved in osteogenic
differentiation, were significantly reduced in senescent
MDS-MSC during the process of osteogenic differentia-
tion (Figure 3D,E). The adipogenic differentiation poten-
tial was evaluated using oil red-O staining and was 2-fold
higher in MSC from healthy subjects than in senescent
MDS-MSC  (Figure 3EG). The differences in the adi-
pogenic differentiation potential between HC-MSC and
senescent MDS-MSC were also reflected by the mRNA
expression levels of FABP4 and C/EBPa (Figure 3H,]).

We estimated the capacities of senescent MDS-MSC or
HC-MSC grown in layers to sustain the proliferation of
CD34" cells. For this purpose, long-term culture assays
were implemented. The results showed that the growth of
normal LTC-IC on expanded senescent MDS-MSC was
significantly less than that of HC-MSC (Ounline
Supplementary Figure S2A). Compared with HC-MSC, co-
culture with senescent MDS-MSC resulted in depressed
numbers of CFU-granuloctye, macrophage (CFU-GM)
(2.32-fold), burst-forming unit-erythroid (BFU-E) (1.9-fold)
and CFU-granulocyte, erythrocyte, monocyte, megakary-
ocyte (CFU-GEMM) (2.0-fold) (Online Supplementary Figure
S2B). In summary, the differentiation and stem cell-sup-
porting capacities of senescent MSC were reduced.

Low Dicerl expression was observed in myelodysplastic
syndrome mesenchymal stromal cells, and knockdown
of Dicer1 induced senescence in mesenchymal stromal
cells

Dicerl ablation caused a rapid onset of cell senescence
in various cell types.”” We measured the expression of
Dicerl in MDS-MSC and controls. Using RT-PCR and
western blotting, we found that the expression of Dicerl
was down-regulated in the MSC from both LR-MDS and
HR-MDS patients (Figure 4A,B). This finding remained
significant when we looked at primary (CD271%) MDS-
MSC (Figure 4C).

To further assess the role of Dicerl in MSC senescence,
we constructed a recombinant lentivirus to generate
shRNA targeting Dicerl. Nearly 95% of cells were trans-
fected with the shNA constructs (Figure 5A). As shown in
Figure 5B,C, the shRNA groups had significantly lower

Dicerl mRNA and protein expression levels compared
with the control group. MSC that underwent Dicerl
knockdown (KD) proliferated far more slowly than either
control MSC or the negative group (Figure 5D).
Furthermore, Dicerl KD resulted in an increased number
of cells in the G1 phase without inducing apoptosis (Figure
SE).

To determine whether these cells were becoming senes-
cent, Dicerl-KD MSC or controls were passaged once
they reached confluence. After 14 days, Dicerl-KD MSC
stopped dividing and assumed a large, flattened morphol-
ogy (Figure 5F). Harvesting and re-plating cells in fresh
medium at higher or lower densities failed to stimulate
their growth. To confirm that Dicerl-KD MSC were
undergoing senescence, the cells were stained in a SA-p-
gal assay. Small amounts of staining were detected in the
control and negative MSC, whereas SA-B-gal activity was
readily apparent in the Dicerl-KD MSC (Figure 5G). Over
50% of the Dicerl-KD MSC underwent senescence by
day 7, compared with less than 15% of senescence in the
control and negative MSC. These results suggest that
down-regulation of Dicerl is sufficient to induce MSC
senescence.

Dicer1 knockdown inhibited osteogenic and adipogenic
differentiation of mesenchymal stromal cells

We then tested the effect of Dicer1-KD on the capacity
of MSC to differentiate into the osteogenic and adipogenic
lineages. After osteogenic induction, Dicerl-KD MSC
showed undetectable mineralization when stained with
Alizarin red (Online Supplementary Figure S3A). Moreover,
the Dicer1-KD MSC exhibited more than a 90% reduction
(P<0.001) in ALP activity, and a 95% reduction (P<0.001)
in incorporation of Alizarin red stain compared with neg-
ative MSC and control cells (Online Supplementary Figure
S3B,C). During the course of the osteogenic induction,
mRNA levels of RUNX2 and ALP increased strikingly in
control MSC. In contrast, the levels of these gene tran-
scripts only slightly increased in Dicerl-KD MSC (Online
Supplementary Figure S3D,E).

A similar method was used to assess the capacity of
MSC to differentiate into an adipogenic lineage after
Dicerl-KD. After 21 days, oil red-O-stained cultures
demonstrated that more than 90% control MSC could dif-

B C
154 Expanded MSC 1.5 Primary MSC
= HC-1 HC-2 MDS-1  MDS-2  MDS-3
1.0 . S 1.0
o . o
- h= 0
3 == S
205 S 057
0.0 L] % 0 .
HC LR-MDS HR-MDS Al MDS MDS.MSC  HC-MSC

Figure 4. Under-expression of Dicerl in MDS-MSC. (A) The expression of Dicerl in expanded LR-MDS-MSC (n=38), HR-MDS-MSC (n=34) and
HC-MSC (n=22) was measured by quantitative PCR and is presented as means + SD. (B) Protein expression of Dicerl in MDS-MSC. (C) The
expression of Dicerd in primary MDS-MSC (n=24) and primary HC-MSC (n=10). Compared with controls, the significance was set as *P<0.05;
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ferentiate into adipocytes, showing abundant intracellular
lipid droplets. In contrast, the intracellular lipid accumula-
tion in Dicerl-KD MSC was sparse and undetectable,
often consisting of small droplets that did not coalesce
(Online Supplementary Figure S4A). During adipogenic
induction, the expression of C/EBPa and FABP4 gradually
increased. After 14 days, control MSC exhibited a 4.5-fold
increase in C/EBPo with a 5.2-fold increase in FABP4
when compared with undifferentiated cells. In contrast,
Dicer1-KD MSC exhibited a mild increase in both mRNA
levels, with a 1.8-fold increase in adiponectin and a 0.8-
fold increase in FABP4 compared with undifferentiated
cells (Online Supplementary Figure S4B,C).

Dicer1 down-regulation impairs MSC in MDS

Dicer1 knockdown decreased the hematopoietic-support
properties of mesenchymal stromal cells

Given that senescent MSC exhibited a decrease in stem
cell-support capacity, we speculated that Dicer1-KD could
impair the hematopoietic-support properties of MSC. We
assessed the hematopoietic support of Dicerl-KD MSC
using long-term culture assays. The results showed that
Dicer1-KD MSC have a 6-fold reduced capacity to support
healthy CD34" cells compared with control MSC [LTC-IC
frequency on control MSC (meanzs.e.): 1.61%+0.42%; on
Dicer1-KD MSC: 0.24%=0.09%]. By counting the CFU,
we found that the numbers of CFU-GM, BFU-E and CFU-
GEMM were significantly lower after co-culture with
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Figure 5. Dicerl knockdown-induced cellular senescence of MSC. (A) Transfection efficiency under the fluorescence microscope. (B, C) Dicerl
shRNA decreased Dicerl expression in MSC, as determined by western blotting (B) and RT-PCR analyses (C). (D) The cell proliferation capacity
was measured by CCK-8 assay. (E) Cell cycle analysis of Dicer1-KD MSC by FACS. (F) Representative micrographs depict the morphologies of
Dicer1-KD MSC (shRNA), negative MSC (transfected with control lentiviruses) and control-MSC (HC-MSC without transfection) and also show
SA-f3-gal staining (100 x maghnification). (G) One hundred MSC per sample were counted using light microscopy, and the percentages of SA-3-
gal-positive cells were determined. The average of three replicates is displayed. Compared with controls, the significance was set as *P<0.05;
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Dicer1-KD MSC than with control MSC (15.4+4.8 and
98.6£9.8 CFU-GM, 8.4+3.5 and 42.2+6.6, BFU-E, and
6.8+2.2 and 38.5+8.0 CFU-GEMM per 10 CD34" cells in
the presence of Dicer1-KD MSC and control MSC, respec-
tively) (Figure 6A). Our results suggest that Dicerl-KD
MSC layers were inefficient in their hematopoietic-sup-
porting capacity.

MSC interact with hematopoietic stem cells, secreting
chemokines that support the long-term growth of the
hematopoietic stem cells. Alterations in chemokine levels
might contribute to the defective support of
hematopoiesis characteristic of Dicer1-KD MSC. We fur-
ther tested the expression of hematopoietic cytokines in
Dicer1-KD MSC and found that Dicer1-KD MSC exhibit-
ed decreased expression of granulocyte colony-stimulating
factor (G-CSF) and vascular endothelial growth factor
compared with control MSC. However, the levels of inter-
leukin-6 and transforming growth factor-f expression in
the Dicer1-KD MSC were significantly higher than in con-
trol MSC. The expression levels of stromal cell-derived
factor-1, stem cell factor, vascular cell adhesion molecule
1, thrombopoietin and collagen I were largely unchanged
(Figure 6B).

The levels of expression of these cytokines were also
measured in primary MDS-MSC. We found that primary
MDS-MSC (n=24) exhibited decreased expression of G-
CSF and thrombopoietin, and increased expression of
interleukin-6 and transforming growth factor-f, compared
with primary HC-MSC (n=10) (Figure 6C).

Overexpression of Dicer1 reversed the senescent
features of mesenchymal stromal cells from patients
with myelodysplastic syndrome, and enhanced
stem cell properties

In the following experiment, MSC from four MDS
patients were considered. We used MDS-MSC transfected
with adenovirus carrying the Dicerl gene (AD-Dicerl) or
green fluorescent protein (AD-GFP). Dicerl expression
was considerably increased in the AD-Dicerl MSC at both
the mRNA (Figure 7A) and protein (Figure 7B) levels. We
found that cell viability was not affected in the AD-Dicerl
MSC. There were less SA-B-gal-positive cells when Dicerl
expression was up-regulated in MDS-MSC (Figure 7C).
Cell-cycle analysis revealed that G1 phase arrest was
reversed in AD-Dicerl MSC (from 94.34+3.6% to
84.48+2.8%). In addition, AD-Dicerl MSC exhibited
increased osteoblastic (Online Supplementary Figure S5A)
and adipogenic differentiation potential (data not shown)
compared with MSC transfected with GFP vectors.
Proliferation, as measured by CFSE staining of healthy
CD34" cells, was increased markedly when co-cultured
with AD-Dicerl MSC compared with AD-GFP MSC
(Online Supplementary Figure S5B). Taken together, overex-
pression of Dicerl reversed cellular senescence and
enhanced stem cell properties in MDS-MSC.

The microRNA-17 family, which targets p21,
is associated with Dicer1 knockdown-induced
cellular senescence

To determine whether down-regulation of Dicerl in
MSC could affect miRNA biogenesis and participate in
cellular senescence, we tested a set of specific miRNA that
were predicted to target senescence-related molecules,
such as p21 and pl6. Three miRNA target databases,
miRBase, PicTar and Targetscans, were used for target

analysis. Dicerl-KD resulted in decreased expression of
miR-17, miR-93, miR-106a, miR-106b, miR-20a and miR-
20b, which target p21and are known as the miR-17 family
(Figure 8A). In comparison, miR-125b was overexpressed
in Dicer1-KD MSC. We did not detect statistically signifi-
cant changes in miR-212, miR-132, miR-301b, miR-22,
miR-134, miR-146b or miR-128 expression. These data
revealed that Dicerl-KD-induced senescence may be
mainly implemented by the regulation of p21-related
miRNA. To confirm the results, we measured the expres-
sion levels of some cell cycle markers in Dicerl-KD MSC.
As expected, p21 expression levels were increased in the
Dicer1-KD MSC. However, little difference was observed
in the levels of the p16 or RB (Figure 8B).

We further verified the expression of these disordered
miRNA in MDS-MSC. Our results showed that miR-93
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Figure 6. Dicerl-KD decreased the hematopoietic-supporting proper-
ties of MSC. (A) CD34cells from four healthy controls were cultured
on Dicer1-KD MSC (shRNA), negative MSC or control MSC feeder lay-
ers for 7 weeks. The numbers of CFU-GM, CFU-E and CFU-GEMM were
counted. (B,C) Hematopoietic niche cytokine expression levels were
measured by RT-PCR in Dicer1-KD MSC (B) and primary MDS-MSC
(C). The results are expressed as means + SD. The average of three
replicates is displayed. Compared with controls, the significance was
set as *P<0.05; **P<0.001.




and miR-20a expression levels were significantly reduced
in MDS-MSC compared with controls (Figure 8C). A sim-
ilar down-regulation of miR-93 and miR-20a was also
observed in senescent MDS-MSC,when compared with
NS-MDS-MSC (data not shown).

To show that p21 is a target of miR-93 and miR-20a in
MDS-MSC, experiments of miR-93/miR-20a overexpres-
sion were performed. We transfected MDS-MSC with
miR-93 and miR-20a lentivirus, and assessed p21 expres-
sion levels 48 h after transfection. The degree of miRNA
overexpression was monitored by RT-PCR 2 days after
transfection and showed satisfactory results (Online
Supplementary Figure S6A). In three analyzed samples of
MDS-MSC, this resulted in a 2.2-fold reduction of p21
mRNA levels (Figure 8D) and a decrease of cellular senes-
cence (Online Supplementary Figure S6B-D) when compared
with transfection with scrambled control lentivirus.
However, transfection of cells with miR-93/miR-20a did
not reveal statistically significant changes in osteogenic
differentiation of MDS-MSC (data not shown), suggesting
other miRNA may be involved.

Discussion

MSC are key components of the hematopoietic
microenvironment. The abnormal production of
hematopoietic cytokines and the insufficient stromal sup-
port by MSC in patients with MDS are widely accepted.”
However, little is known about the underlying mecha-
nisms of these defects.

In this study, we show that MDS-MSC were more
prone to cellular senescence than HC-MSC and that senes-
cent MDS-MSC exhibited decreased differentiation
potential and stem cell support capacity. Interestingly,
knockdown of Dicerl, which is under-expressed in MDS-
MSC, promoted cellular senescence and decreased the dif-
ferentiation and stem cell-supporting capacities of MSC.
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Overexpression of Dicerl in MDS-MSC reversed cellular
senescence and enhanced stem cell properties. The miR-
17 family members were involved in the Dicerl KD-
induced senescence.

Although MSC from all MDS patients were expanded
successfully in the current study, MDS-MSC showed
reduced expansion potential in vitro when compared to
HC-MSC. These observations agree with the findings of
several previously published studies,”**** but contrast
with the data from others®”” in which MDS-MSC had
normal growth. The contradiction might be attributed to
the heterogeneity of MDS patients. To overcome this bar-
rier, we recruited a large sample of MDS patients. This
finding remained significant when MDS subtypes were
considered separately. Because the decreased cell growth
of MDS-MSC was not due to an increase in apoptosis, the
senescence of MDS-MSC was studied. The classic charac-
teristics of cellular senescence include growth arrest,
enlarged/flattened morphology and increased SA-B-gal
expression.”* Just as predicted, most of the cultured and
primary MDS-MSC were larger and irregular and
expressed significantly higher amounts of SA-f-gal and
the senescence-related molecule, p21. These findings are
similar to those of previous studies,®** but the investiga-
tors of those studies did not provide a detailed analysis of
the different MDS subsets and the functional changes
related to senescence in MDS pathology. In our study, not
all of the cases exhibited an increase in senescence (22/32,
68.7%). Cellular senescence was more common in LR-
MDS-MSC than in HR-MDS-MSC (14/17 versus 9/15),
suggesting biological differences between the two subsets.
In fact, the immunoregulatory role of MSC has been
reported to be different between LR-MDS and HR-
MDS.# It remains to be investigated whether different
primary defects are present in MSC from LR and HR
patients with MDS, which may contribute to the different
biological characteristics of LR-MDS and HR-MDS.

Senescent MSC are also characterized by altered cell
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Figure 7. Overexpression of Dicerl reversed
cellular senescence in MDS-MSC (n=4). The
mRNA (A) and protein expression (B) of Dicerl
after adenovirus transfection. (C) The percent-
ages of SA-f-gal-positive cells. The results are
expressed as means * SD. The average of
three replicates is displayed. Compared with
MDS-MSC, the significance was set as
**P<0.001.
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function. The loss of MSC osteogenic and adipogenic
potential has been demonstrated in vitro."”'* By quantita-
tively and dynamically evaluating the differentiation
potential of MSC, we identified significantly decreased
osteoblastic and adipogenic potentials in senescent MDS-
MSC. In addition, senescent MDS-MSC exhibited
decreased stem cell-supporting capacity in long-term cul-
ture. Thus, the senescence of MSC may be a contributing
factor in the ineffective hematopoiesis of patients with
MDS. In keeping with our findings, some studies demon-
strated that MDS-MSC displayed insufficient hematopoi-
etic support capability compared with normal con-
trols.'”"*" However, other reports suggested that MDS-
MSC may have normal support capacity.'""*** The discrep-
ancies in these results might be attributed to differences
between patients, cellular populations and experimental
protocols in the various studies. Our study also suggested
that differences in the cellular senescence of MDS-MSC
could contribute to these discrepant results.

Recently, a prominent group of regulatory factors
(miRNA) has also been considered to be key modulators of
cellular senescence.'®” Raaijmakers er al. reported that the
deletion of Dicerl, an RNAse III endonuclease essential for
microRNA biogenesis, in murine MSC-derived osteoprog-
enitors induces an MDS phenotype in mice.”” Based on
these findings, we analyzed Dicerl expression in MDS-
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Figure 8. The miR-17 family is associated

RB with Dicer1-KD-induced cellular senescence.
(A) Effect of Dicerl-KD on miRNA expres-

sion. Real-time PCR was performed on RNA

isolated from Dicerl-KD MSC (shRNA) and

controls. (B) Protein expression of p21, p16

and RB in Dicerl-KD MSC. (C) miR-93 and

miR-20a expression in MDS-MSC (n=56) and

healthy controls (n=20). (D) Overexpression

of miR-93 and miR-20a in MDS-MSC (n=3).

The expression of p21 in MDS-MSC, miR-

- 93/miR-20a group (MDS-MSCs transfected
with miR-93/miR-20a adenovirus) and

miRNA control group (transfected with

scrambled control lentivirus). These experi-

ments were performed three times.

N Compared with controls, the significance

R R R R R R RO R »\'5 a®
P SNSRI SRS\ RSN R S A &
TN &\Q\n & Q\\s @Q\‘L &t @Q\ & ‘Q\& @\ &
N
=3 Controls
21 = Negative
p | — ? — 0.5 o B SHRNA
— — Y1
p16 — — — 203l
£02.
RB 2
501
= = o
0.0J
GAPDH 021 016
C
15, 3 HC-MSC EE MDS-MSC 15

miR-93-5p miR-20a-5p o \\0\“\\ %,5\«\\?\' was set as *P<0.05; **P<0.001.
I\ &

MSC. We noted reduced expression levels of Dicerl in
expanded and primary MDS-MSC. To explore the role of
Dicerl under-expression in MDS-MSC, we generated a
stable knockdown of Dicerl in MSC. Our data support a
role for Dicerl in the appropriate proliferation and senes-
cence of MSC. Dicer1-KD accelerated cellar senescence,
which manifested as G1 growth arrest, flat cell morpholo-
gy and increased SA-B-gal staining. Experiments of Dicerl
overexpression further confirmed the results. Although the
loss of miRNA biogenesis by the disruption of Dicerl has
been associated with cellular senescence in primary cells
and endothelial cells,”** the mechanisms of this event in
BM-MSC remain elusive. Senescent cells usually display
up-regulation of cell cycle inhibitors such as p53/p21 or
pl6/Rb,* which have been reported to be regulated by
miRNA. In the present study, we identified reduced
expression of the miR-17 family (miR-17-5p, miR-20a/b,
miR-106a/b and miR-93) as a potential factor responsible
for increased p21 expression in Dicerl-KD MSC. In fact,
many studies have used luciferase assays to indicate that
miRNA in the miR-17 family (also called the miR-106b
family) can regulate cell cycle progression by targeting
p21.%* Our study and previous studies suggested that loss
of expression of the miR-17 family is responsible for the
Dicer1-KD-induced cellular senescence in MSC.

Recently, a global down-regulation of miRNA expres-




sion was reported in MDS-MSC, suggesting that impaired
miRNA expression might be involved in the pathogenesis
of MDS.* We found that miR-93 and miR-20a expression
levels were significantly reduced in MDS-MSC. What is
more, overexpression of miR-93/miR-20a reversed cellular
senescence in MDS-MSC by targeting p21. These results
demonstrated that the two repressed miRNA had a key
role in the increased cellular senescence of MDS-MSC.

In line with the reports of Raaijmakers et al.,” Dicer1-KD
MSC exhibited reduced osteoblastic differentiation poten-
tial, characterized by a reduction in ALP activity, calcium
deposits and the expression of osteoblastic maker genes.
Moreover, quantification of lipid formation revealed a
90% reduction in Dicerl-KD MSC. Overexpression of
Dicerl reversed the impaired differentiation potential of
MDS-MSC. These results indicated that the disruption of
miRNA processing by Dicer1-KD was sufficient to greatly
reduce the differentiation capability of MSC, suggesting
that precise levels of mature miRNA are critical for MSC
differentiation.”*

MSC  senescence influences not only differentiation
potential but also the support of hematopoiesis.” To date,
knowledge regarding the role of MSC senescence in
hematopoietic support is limited. In this study, other than
the classic feature of cellular senescence, Dicerl-KD MSC
showed a significantly reduced capacity to support CD34*
cells in LTC-IC assays. Accordingly, the expression of two
cytokines, G-CSF and vascular endothelial growth factor
were significantly down-regulated in Dicerl-KD MSC.
These molecules are involved in the regulation of

hematopoiesis,™* suggesting that their deregulation con-

tributes to the impaired support of hematopoiesis charac-
teristic of Dicerl-KD MSC. It is worth mentioning that the
level of G-CSF expression has been reported to be
decreased in MDS-MSC.*” We found that G-CSF and
thrombopoietin expression levels were significantly
reduced in primary MDS-MSC. These results suggest that
the disruption of Dicerl may represent a mechanism
responsible for the abnormal cytokine expression in MDS-
MSC. Interleukin-6 and transforming growth factor-f3
were up-regulated in the Dicer1-KD MSC, in line with the
senescent phenotype of MSC, in which the two molecules
were up-regulated.”*

In conclusion, we investigated the characteristics and
molecular mechanisms of MSC senescence in patients
with MDS. Our data demonstrate that Dicerl plays an
essential role in the aging process of MSC from MDS
patients by regulating miRNA and causing impaired stro-
mal support of hematopoietic stem and progenitor cells.
Our findings are in agreement with the notion that a pri-
mary stromal defect causes MDS.
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