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Immune thrombocytopenia (ITP) is a common hematological
autoimmune disease, in which defective mesenchymal stem
cells (MSCs) are potentially involved. Our previous study sug-
gested that MSCs in ITP patients displayed enhanced
apoptosis. MicroRNAs (miRNAs) play important roles in ITP
by affecting megakaryopoiesis, platelet production and immu-
noregulation, whereas the roles of miRNAs in ITP-MSCs
remain unknown. In a previous study, we performed microar-
ray analysis to obtain mRNA and miRNA profiles of ITP-
MSCs. In the present study, we reanalyze the data and identify
miR-98-5p as a candidate miRNA contributing to MSC defi-
ciency in ITP. miR-98-5p acts through targeting insulin-like
growth factor 2 mRNA-binding protein 1 (IGF2BP1), and
the subsequent downregulation of insulin-like growth factor
2 (IGF-2) causes inhibition of the phosphatidylinositol 3-ki-
nase (PI3K)/Akt pathway, which is involved in the process of
MSC deficiency. Furthermore, miR-98-5p upregulates p53 by
inhibiting B-transducin repeat-containing protein (B-TrCP)-
dependent p53 ubiquitination. Moreover, miR-98-5p overex-
pression impairs the therapeutic effect of MSCs in ITP mice.
All-trans retinoic acid (ATRA) protects MSCs from apoptosis
by downregulating miR-98-5p, thus providing a potential ther-
apeutic approach for ITP. Our findings demonstrate that miR-
98-5p is a critical regulator of ITP-MSCs, which will help us
thoroughly understand the pathogenesis of ITP.

INTRODUCTION

Thrombopoiesis occurs in the bone marrow microenvironment, and
it begins with the commitment of hematopoietic stem cells to differ-
entiate into megakaryocytic progenitors and eventually ends with
maturation of megakaryocytes to produce platelets.”” As a main
component of the hematopoietic niche, mesenchymal stem cells
(MSCs) regulate megakaryocyte biogenesis and maturation and
exhibit immune modulatory functions to maintain self-tolerance.”™
MSCs are considered as the main regulators of megakaryocyte func-
tion, and MSC defects seem to play pivotal roles in the pathogenesis of
immune thrombocytopenia (ITP). There is increasing evidence that
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MSCs in ITP exhibit impaired proliferative and functional capac-
ities.”® Our previous study indicated that MSCs from ITP patients
displayed increased apoptosis and showed an impaired immunosup-
pression function.” We also demonstrated that the ability of ITP-
MSCs to support megakaryocytic differentiation and thrombopoiesis
was deficient,'” as was the ability to regulate dendritic cell differenti-
ation.'" Based on the ability to modulate immune responses, MSCs
have been used in the treatment of various inflammatory diseases,
such as steroid-resistant acute graft-versus-host disease, cardiovascu-
lar disease, and autoimmune disorders.'”'* In particular, MSCs have
been reported to be efficacious in improving platelet levels in ITP

15,16 B . . s :
> and the intravenous infusion of umbilical cord-derived

mice,
MSCs seems to be effective in refractory ITP patients.'” Given the
promising therapeutic effects of MSCs in ITP and the key roles of
MSCs during ITP development and progression, it is necessary to
investigate the precise molecular signals that lead to MSC dysfunction
in ITP. We have preliminarily explored the possible molecular regu-

lations of MSC deficiency in ITP.>'*'®

MicroRNAs (miRNAs) are short (19-25 nt) evolutionarily conserved
single-stranded RNA molecules that regulate gene expression. The ef-
fect of miRNA on mRNA is mediated through miRNA binding to the
3/ untranslated region (3’ UTR) of target mRNAs."” miRNAs have
been shown to play vital roles in immunoregulation, thereby partici-
pating in the pathogenesis of autoimmune diseases.””*' The involve-
ment of miRNAs in the pathogenicity of ITP remains unclear. miR-
NAs might be important regulatory molecules involved in the loss
of tolerance in ITP.”> Several miRNAs have been shown to direct
megakaryocyte proliferation, differentiation, and platelet produc-
372 Recently, miRNAs have been shown to play critical roles
in regulating the proliferation, differentiation, and paracrine activity

tion.
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of MSCs.° However, how miRNAs function in ITP-MSCs remains to
be elucidated.

To address this issue, we profiled the expressions of both mRNAs and
miRNAs by utilizing a microarray technique.'® In this study, we rean-
alyzed our previous miRNA profiling data from MSCs and identified
miR-98-5p as a candidate miRNA that predisposes ITP-MSCs to be
abnormal. We thus performed further experiments to determine
whether miR-98-5p is involved in MSC deficiency in ITP, and the
signaling mechanisms were also investigated.

RESULTS

miRNA Profiling in MSCs Derived from ITP

To better characterize the role of miRNAs in MSCs, we reanalyzed
our previous microarray data from ITP-MSCs."® Sixty-two miRNAs
were detected to be significantly different between ITP and healthy
controls. The TargetScan and Miranda algorithms were applied to
evaluate whether these miRNAs were associated with changes in their
target mRNA expression. Thirty-two miRNAs were found to be asso-
ciated with mRNA expression in the database (Figure 1A), and the
network of 32 differentially expressed miRNAs and their target
mRNAs were also analyzed (Figure S1). Among the 32 miRNAs,
miR-98-5p displayed the highest fold change (Figure 1B). Nine miR-
NAs (miR-98-5p, miR-20b-5p, let-7f-5p, miR-3148, miR-19a-3p,
miR-4284, miR-19b-3p, miR-30e-5p, and miR-7977) among these
32 miRNAs were reported to be associated with autoimmune disor-
ders or MSC functions.”” *° Next, we performed quantitative real-
time PCR experiments to validate the microarray data of these nine
miRNAs using another set of MSCs from 12 ITP patients and 12
matched healthy controls. Of the nine miRNAs, five (miR-98-5p,
miR-20b-5p, miR-3148, miR-4284, and miR-3977) remained
increased in ITP-MSCs, and four (let-7f-5p, miR-19a-3p, miR-19b-
3p, and miR-30e-5p) showed no difference between ITP-MSCs and
healthy controls (Figure 1C). We further identified correlations be-
tween apoptosis rates and changes in miRNAs in ITP-MSCs. The re-
sults showed that miR-98-5p was positively correlated with apoptosis
in ITP-MSCs (Figure 1D), whereas the other four miRNAs were not.
miR-98-5p was previously reported to inhibit cell proliferation and
induce apoptosis in hepatocellular carcinoma.’’ In this study, we
postulated that miR-98-5p is involved in the molecular regulation
of ITP-MSCs apoptosis.

Increased miR-98-5p Expression in ITP-MSCs Correlates with
Apoptosis

To investigate the roles of miR-98-5p in ITP-MSCs, expression vec-
tors for miR-98-5p were constructed. We transfected healthy control
MSCs (HC-MSCs) with primary (pri-)miR-98-5p vector (miR-98-5p-
M) and miR-98-5p negative control (NC) vector (miR-98-5p-NC)
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and transfected ITP-MSCs with miR-98-5p-inhibitor vector (miR-
98-5p-I) and miR-98-5p NC vector (miR-98-5p-NC), respectively
(Figure S2B). miR-98-5p expression was significantly increased in
miR-98-5p-M-transfected HC-MSCs and decreased in miR-98-5p-
I-transfected ITP-MSCs (Figure S2C). MSC survival was evaluated
by Cell Counting Kit-8 (CCK-8) assays, which revealed reduced
cell survival of HC-MSCs when miR-98-5p was overexpressed,
whereas survival of ITP-MSCs was improved when miR-98-5p was
inhibited (Figure 1E). miR-98-5p-M-transfected HC-MSCs displayed
abnormal morphology that was similar to ITP-MSCs, whereas miR-
98-5p-I-transfected ITP-MSCs displayed improved morphology (Fig-
ure S2D). We further performed flow cytometric analysis of apoptotic
cells, showing that apoptosis was increased in miR-98-5p-M-trans-
fected HC-MSCs. Meanwhile, a decrease in apoptosis was observed
in miR-98-5p-I-transfected ITP-MSCs (Figure 1F). These data indi-
cated that increased apoptosis in ITP-MSCs was associated with over-
expression of miR-98-5p.

IGF2BP1 Is a Direct Target of Posttranscriptional Repression by
miR-98-5p

Microarray analysis indicated that insulin-like growth factor 2
mRNA-binding protein 1 (IGF2BP1), an apoptosis-associated gene,
was a direct target of miR-98-5p. In addition, by comparing the
sequence of miR-98-5p and the 3’ UTR sequence of IGF2BP1 through
miRDB, we predicted the most likely binding site for miR-98-5p in
the IGF2BP1 3’ UTR (Figure 2A). A luciferase reporter containing
the wild-type (WT) or the mutant (MUT) IGF2BP1 3’ UTR was con-
structed to confirm the targeting relationship between IGF2BPI
mRNA and miR-98-5p. Luciferase activity was markedly decreased
in LM3 cells cotransfected with the WT IGF2BP1 3’ UTR plasmid
and the pri-miR-98-5p plasmid (Figure 2B). However, cotransfection
with the MUT IGF2BP1 3’ UTR plasmid and the pri-miR-98-5p
plasmid in LM3 cells did not alter the luciferase activity (Figure 2B).
We further detected IGF2BP1 expression in MSCs. Interestingly,
IGF2BP1 mRNA levels were similar between ITP-MSCs and HC-
MSCs (Figure 2C), but IGF2BP1 protein levels significantly decreased
in ITP-MSCs (Figure 2D). Overexpression of miR-98-5p in HC-
MSCs or inhibition of miR-98-5p in ITP-MSCs did not affect
IGF2BP1 mRNA expression, but these treatments significantly in-
hibited or upregulated IGF2BP1 protein expression, respectively (Fig-
ures 2C and 2D). To investigate whether IGF2BP1 is involved in the
process of ITP-MSC apoptosis, we transfected ITP-MSCs with a small
interfering RNA (siRNA) to knock down IGF2BP1. As expected, the
suppression of IGF2BP1 in HC-MSCs exacerbated apoptosis (Fig-
ure 2E). Furthermore, siRNA-IGF2BP1 transfection reversed the pro-
tective effect of miR-98-5p-I on ITP-MSCs (Figure 2E). These results
suggest that miR-98-5p induces ITP-MSC apoptosis most likely by
targeting IGF2BP1.

Figure 1. MicroRNA Expression Profile in ITP-MSCs and the Correlation of miR-98-5p with MSC Apoptosis

(A) The expression profiling of 32 differential miRNAs (n = 4). (B) Fold change and p values of 32 miRNAs. (C) quantitative real-time PCR validation of miIRNA expressions in
MSCs from 12 ITP patients and 12 matched healthy controls (n = 12). (D) Association of miR-98-5p expression with apoptosis rate of ITP-MSCs (n = 12). (E) Cell proliferation
of MSCs in each group was assessed by a CCK-8 assay (n = 6). (F) Flow cytometric analysis of apoptotic cells in each group (n = 6). All data are shown as mean + SD. *p <

0.05, *p < 0.01, **p < 0.001.
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Figure 2. IGF2BP1 Is a Direct Target of Posttranscriptional Repression by miR-98-5p

(A) The predicted binding site for miR-98-5p of the IGF2BP1 3’ UTR. (B) Luciferase reporter assay was conducted in MSCs. Data are presented as averages from three
independent experiments. (C and D) gRT-PCR (C) and western blot (D) were used to detect the mRNA and protein levels of IGF2BP1 (n = 6). (E) Cell apoptosis was analyzed
by flow cytometry in siRNA-IGF2BP1-transfected MSCs (n = 6). All data are shown as mean + SD. *p < 0.05, *p < 0.01, **p < 0.001. ns, not significant.

miR-98-5p Exerts Pro-apoptotic Effects by Inhibiting the IGF-2/
PI3K/Akt Pathway

Insulin-like growth factors play important roles in the self-renewal and
development of MSCs.”>>> IGF2BP1 mediates the stabilization of
insulin-like growth factor 2 (IGF-2) mRNA, thus promoting the pro-
duction of IGF-2,** which is known to bind insulin-like growth factor
1 receptor (IGF1R), activating phosphatidylinositol 3-kinase (PI3K/

We next addressed whether IGF-2/PI3K/Akt
signaling was involved in the regulation of ITP-MSC apoptosis. Because
IGF1R has the highest binding affinity for insulin-like growth factor 1
(IGF-1), followed by IGF-2, we first measured the concentrations of
both IGF-1 and IGF-2 in bone marrow serum. Surprisingly, the soluble
IGF-2 in bone marrow serum was significantly decreased in ITP patients
(Figure 3A), whereas the IGF-1 concentration displayed no difference

Akt) signaling.‘gz’33
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Figure 3. miR-98-5p Exerts Pro-apoptotic Effects by Inhibiting the IGF-2/PI3K/Akt Pathway

(A) The soluble IGF-2 in bone marrow serum from ITP patients and healthy controls was measured using an ELISA kit (n = 8). (B) Western blot was used to detect the activity of
the IGF-2/PI3K/Akt pathway in ITP-MSCs and HC-MSCs (n = 6). (C) The supernatant IGF-2 was assessed in miR-98-5p-M-transfected HC-MSCs and miR-98-5p-I-
transfected ITP-MSCs (n = 6). (D) The activity of the PI3K/Akt pathway was detected in miR-98-5p-M-transfected HC-MSCs and miR-98-5p-I-transfected ITP-MSCs (n = 6).
(E) The supernatant IGF-2 was assessed in siRNA-IGF2BP1-transfected MSCs (n = 6). (F) The activity of PISK/Akt pathway was detected in siRNA-IGF2BP1-transfected
MSCs (n = 6). All data are shown as mean + SD. *p < 0.05, *p < 0.01, **p < 0.001.

between ITP patients and healthy controls (Figure S3A). Further exper-
iments indicated that ITP-MSCs showed compromised Akt signaling
(Figure 3B). To identify whether the decreased IGF-2 and compromised
Akt signaling in ITP-MSCs resulted from miR-98-5p upregulation and
IGF2BP1 downregulation, we performed transfection experiments.
Indeed, IGF-2 mRNA and soluble IGF-2 in culture medium were
increased (Figure 3C; Figure S3B), and the IGF-2/PI3K/Akt pathway
was simultaneously activated when miR-98-5p was inhibited in ITP-
MSCs (Figure 3D). Accordingly, the IGF-2/PI3K/Akt pathway was
attenuated when miR-98-5p was upregulated in miR-98-5p-M-trans-
fected HC-MSCs (Figures 3C and 3D). Treatment of HC-MSCs with
siRNA-IGF2BP1 resulted in the same effect on the IGF-2/PI3K/Akt
pathway that was observed following the miR-98-5p-M treatment of
HC-MSCs; treatment with siRNA-IGF2BP1 also reversed the activating
IGF-2/PI3K/Akt effect of miR-98-5p-1 on ITP-MSCs (Figure 3E; Fig-
ures S3C and S3F). Considering the crucial role of IGF-2 in MSCs, we
preconditioned ITP-MSCs by treating them with exogenous IGF-2 in
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the culture medium. We found that IGF-2 supplementation markedly
corrected ITP-MSCs apoptosis (Figure S3D), and it reversed the
compromised IGF-2/PI3K/Akt signaling (Figure S3E). Collectively,
these data suggest that miR-98-5p regulates ITP-MSC apoptosis by in-
hibiting the IGF-2/PI3K/Akt pathway.

miR-98-5p Upregulates p53 through Inhibiting B-TrCP-
Dependent Ubiquitination of p53

Our previous study demonstrated that the accumulation of p53 in ITP-
MSCs is involved in ITP-MSC apoptosis.” As a critical factor of the
Skp1/Cull/F-box (SCF) ubiquitin ligase complex, P-transducin
repeat-containing proteins (B-TrCPs) mediate p53 ubiquitination
and promote proteasome degradation of p53.”>° Since IGF2BP1 could
stabilize 8-TrCP mRNA,*”*® we speculated that miR-98-5p targeting
IGF2BP1 could contribute to the accumulation of p53 via inhibiting
B-TrCP-dependent ubiquitination of p53. To confirm our speculation,
we first measured B-TrCP and p53 expressions, revealing a marked



www.moleculartherapy.org

A
< * HC-MSCs
z s+ ITP-MSCs
£ 1.5+ - Fokok
& | ——— f 1
g Xk 2
S
« 1.0 e
(<] A ATTA
NERE TR
? . °
S 0.5+ :} * i: —E‘
o
x . A
]
g L]
wg 0.0 T 1 1 1 1 T
© O N O R > L
AN W oF &
B3 1 2R
& i) & 9
D
HC-MSCs ITP-MSCs
p53
B-TrCP
GAPDH | e we e - - —
N Q% 2 b N N
& LG S
& & & TS
b, 2R L N e
EE & D :,;@'
G ITP-MSCs
Input p53-IP
miR-98-5p-1 + - + -
miR-98-5p-NC - + - +
Ubiquitin
p53

|
B-TrCP l T T ‘
|

B
HC-MSCs ITP-MSCs
ps3 — T ———
B-TrCP - — W— e
GAPDH A T S D T
4 N O 2
S &S
7 o 0§~ N Q‘\“
& & E &<
& & &
E
Input p53-IP
HC ITP HC ITP
Ubiquitin
& -
p53 - — -‘
B-TrCP ‘- _— __‘
GAPDH ‘-—_ ‘
H HC-MSCs
Input p53-IP
siR-IGF2BP1 + - + &
siR-scramble - + - +
Ubiquitin a!
|
.' -
p53 ‘” e it —-‘

B-TrCP ‘— - = -‘

GAPDH ‘ —— ‘

Figure 4. miR-98-5p Upregulates p53 through Inhibiting B-TrCP-Dependent Ubiquitination of p53
(A) gRT-PCR was used to detect the B-TrCP mRNA level in miR-98-5p-M transfected HC-MSCs and miR-98-5p-| transfected ITP-MSCs (n = 6). (B) B-TrCP and p53 were
detected by western blot in miR-98-5p-M transfected HC-MSCs and miR-98-5p-I transfected ITP-MSCs (n = 6). (C) gRT-PCR was used to detect the B-TrCP mRNA level in
SiRNA-IGF2BP1 transfected MSCs (n = 6). (D) B-TrCP and p53 were detected by western blot in siRNA-IGF2BP1 transfected MSCs (n = 6). (E) B-TrCP-mediated p53
ubiquitination was detected in HC-MSCs and ITP-MSCs. Cells were treated with 20 uM proteasome inhibitor MG132 for 8 h, then p53 was immunoprecipitated and the
ubiquitination of p53 was determined by western blot (n = 6). (F and G) B-TrCP-mediated p53 ubiquitination was detected in miR-98-5p-M-transfected HC-MSCs (n = 6) (F)
and miR-98-5p-I-transfected ITP-MSCs (n = 6) (G). (H) The p53 ubiquitination was detected in sSiRNA-IGF2BP1-transfected HC-MSCs (n = 6). (I) The p53 ubiquitination was
detected in miR-98-5p-I and siRNA-IGF2BP1 co-transfected ITP-MSCs (n = 6). All data are shown as mean + SD. *p < 0.05, *p < 0.01, ***p < 0.001.
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Figure 5. miR-98-5p Overexpression Impairs the Treatment Effects of MSCs in ITP Mice

(A) Platelet counts of MSC-treated ITP mice. Thrombocytopenia occurred in all mice on day 6. (B) Platelet counts of miR-98-5p-M-transfected MSC-treated ITP mice. (C)
Cytokine levels in mice from five groups were detected using an ELISA kit. WT mice group, n = 6; PBS group, n = 4; MSC group, n = 5; miR-98-5p-M MSC group, n = 5; miR-
98-5p-NC MSC group, n = 5. All data are shown as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001.

decrease in B-TrCP at both the mRNA and protein levels in ITP-MSCs
(Figures 4A and 4B); the observed upregulation of p53 (Figure 4B) was
consistent with our previous study. Cell transfection experiments
showed that B-TrCP was inhibited in miR-98-5p-M-transfected HC-
MSCs and was upregulated in miR-98-5p-I-transfected ITP-MSCs
(Figures 4A and 4B). In addition, siRNA-IGF2BP1 transfection down-
regulated B-TrCP in HC-MSCs and reversed the effect of miR-98-5p-I
on ITP-MSCs (Figures 4C and 4D). These data indicated that miR-98-
5p inhibited B-TrCP by targeting IGF2BP1 in ITP-MSCs. We next de-
tected the ubiquitination of p53 mediated by B-TrCP. Interestingly,
B-TrCP-mediated p53 ubiquitination was significantly inhibited in
ITP-MSCs (Figure 4E). We performed more experiments to determine
the role of miR-98-5p in p53 ubiquitination. The results showed that
miR-98-5p-M transfection attenuated p53 ubiquitination in HC-
MSCs, resulting in the accumulation of p53 (Figure 4F); however,
inhibiting miR-98-5p markedly promoted p53 ubiquitination and
downregulated p53 in ITP-MSCs (Figure 4G). Furthermore, B-TrCP-
mediated p53 ubiquitination was inhibited in HC-MSCs when
IGF2BP1 was knocked down by siRNA-IGF2BP1 transfection (Fig-
ure 4H), and siRNA-IGF2BP1 treatment reversed the promotion of
p53 ubiquitination caused by miR-98-5p-I in ITP-MSCs (Figure 4I).
Taken together, these data suggest that upregulation of miR-98-5p ac-
counted for the accumulation of p53 in ITP-MSCs, most possibly by
attenuating the p53 ubiquitinating effect mediated by B-TrCP.
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Since the IGF-2/PI3K/Akt pathway and the p53 pathway both partic-
ipated in the process of ITP-MSC apoptosis, we wondered whether
these two pathways had an essential connection to one another.
Several studies have revealed that p53 suppresses IGF1R transcrip-
tion, leading to abrogation of the IGF signaling network.”*’ To
further assess whether p53 interacts with the IGF-2/PI3K/Akt
pathway in ITP-MSCs, pifithrin-o. (PFT-ot) was used to inhibit p53,
and then the activity of IGF-2/PI3K/Akt signaling was measured.
The results showed that treatment with PFT-o. markedly corrected
ITP-MSC apoptosis (Figure S4A), which is consistent with our previ-
ous study. Meanwhile, PFT-a treatment upregulated IGF1R expres-
sion, and the phosphorylation of PI3K and Akt was also accordingly
increased (Figure S4B). Taken together, these data reveal that miR-
98-5p is involved in ITP-MSC apoptosis by interacting with p53.

miR-98-5p Overexpression Impairs the Treatment Effects of
MSCs in ITP Mice

MSCs have been demonstrated to be beneficial for ITP mice.'” To bet-
ter understand the role of miR-98-5p in MSCs during ITP, we estab-
lished an active ITP model and injected ITP mice with miR-98-5p-
modified MSCs to observe the resultant therapeutic effects. One
week after transferring immunized splenocytes, platelet counts signif-
icantly decreased in ITP mice (Figure 5A), and there was obvious
bleeding in subcutaneous tissues, abdomen, lungs, and intestines.
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Interestingly, we did not observe the upregulation of miR-98-5p in the
bone marrow MSCs from ITP mice (data not shown). The normal
MSC-treated group had a higher platelet count than did the untreated
group at day 8 and day 12 (Figure 5A). However, miR-98-5p-M-trans-
fected MSC-treated ITP mice showed no increase in platelets (Fig-
ure 5B). Alternatively, both miR-98-5p-M-transfected MSC- and
miR-98-5p-NC-transfected MSC-treated mice displayed attenuated
bleeding symptoms. Type 1 helper T cell-related cytokine interferon-
v (IFN-v) was increased in ITP mice, and regulatory T cell-related cy-
tokines transforming growth factor-f (TGF-B) and interleukin 10
(IL-10) were downregulated in ITP mice. Normal MSC treatment
partly normalized the immune imbalance of ITP mice, whereas miR-
98-5p-M MSCs treatment did not (Figure 5C). These results suggested
that miR-98-5p overexpression in MSCs impaired the therapeutic ef-
fects of MSCs in ITP mice, which further demonstrated the critical
role of miR-98-5p in ITP-MSCs.

ATRA Protects ITP-MSCs from Apoptosis

We have previously reported the efficacy of all-trans retinoic acid
(ATRA) in treating corticosteroid-resistant or relapsed ITP pa-
tients.*! Several studies have demonstrated the mechanisms of
ATRA in treating ITP.**** However, the regulatory effect of ATRA
on ITP-MSCs has not been thoroughly studied. To address this ques-
tion, we exposed ITP-MSCs to ATRA in the culture medium, as pre-
viously reported.'” As expected, ATRA treatment reduced apoptosis
of ITP-MSCs (Figure 6A). We further detected the expression of
miR-98-5p and its downstream signaling molecules. To our surprise,
miR-98-5p expression was significantly decreased after ATRA treat-
ment (Figure 6B). Accordingly, IGF-2 and 6-TrCP mRNA increased
after ATRA was administered (Figures 6C and 6D). PI3K/Akt
signaling was activated (Figure 6E), and B-TrCP-mediated p53 ubiq-
uitination was also upregulated (Figure 6F). These data provide evi-
dence that ATRA protected ITP-MSCs from apoptosis by downregu-
lating miR-98-5p in vitro. Taken together, ATRA protects ITP-MSCs
from apoptosis most likely by targeting miR-98-5p, thus being a po-
tential therapeutic approach for ITP patients.

DISCUSSION

MSCs function in supporting thrombopoiesis and regulating immu-
nological responses, thus playing a vital role in the pathogenesis of
ITP.”** An increasing number of studies have demonstrated the ther-
apeutic effects of MSCs in autoimmune diseases. Therefore, under-
standing the molecular regulation of MSC deficiency could be funda-
mental for revealing the precise pathogenesis of ITP. miRNAs and
targeting mRNAs for cleavage or translational repression are critical
regulators that specify cell differentiation and developmental
patterning of MSCs.”® Recently, it has been reported that bone
marrow MSCs derived from systemic lupus erythematosus patients
display a distinct miRNA signature and that miR-663 was found to
induce immune dysregulation in MSCs by targeting TGF-B1.*

In this study, we first reanalyzed our previous microarray data from
ITP-derived MSCs and identified 62 miRNAs that were differentially
expressed between ITP patients and healthy controls. After inte-

grating the data with mRNA profiling, 32 miRNAs were identified
to be distinct in ITP-MSCs compared with controls. The miRNA pro-
file of ITP-MSCs was notably different from the profile of circulation
and T cells of ITP.**** Five miRNAs (miR-98-5p, miR-20b-5p, miR-
3148, miR-4284, and miR-3977) were finally verified to be upregu-
lated in ITP-MSCs. miRNAs are regulated by multiple factors, and
the potential mechanisms for the upregulation of miRNAs in ITP-
MSCs could be multifarious. A common G/C polymorphism within
the precursor (pre-)miR-146a sequence could decrease the generation
of miR-146a,"” which suggests that single nucleotide polymorphisms
might affect the upregulation of miRNAs in ITP-MSCs. Epigenetic
control including DNA methylation and histone modifications as
well as some transcription factors positively or negatively regulate
miRNA expression.**>' In addition, posttranscriptional regulation,
including the regulation of Drosha and Dicer and RNA tailing and ed-
iting, often controls miRNA production,*®*>** and this might also
contribute to the upregulation of miRNAs in ITP-MSCs. We then
characterized miR-98-5p as a candidate miRNA contributing to
ITP-MSC apoptosis, because it had the highest fold change in micro-
array analysis and because of its relevance to cell apoptosis. Studies
have shown that miR-98-5p is dysregulated in cancers and is associ-
ated with cancer cell proliferation and metastasis. Moreover, miR-98-
5p is involved in the myocardial differentiation of MSCs by regulating
TBX5.2” However, the function of miR-98-5p in ITP-MSCs has not
been determined.

In this study, we determined that miR-98-5p was associated with ITP-
MSC apoptosis and that inhibition of the IGF-2/PI3K/Akt pathway
and accumulation of p53 were involved in the process. IGF2BP1,
belonging to a highly conserved protein family, is predicted to be
one of the potential targets of miR-98-5p. miR-98-5p was reported
to inhibit cell proliferation and induce apoptosis in hepatocellular
carcinoma by targeting IGF2BP1.”" Consistent with this report, our
data showed that IGF2BP1 was potentially posttranscriptionally
repressed by miR-98-5p via binding to the 3’ UTR of IGF2BPI1
mRNA. IGF2BP1 has been found to play important roles in cell pro-
liferation and growth of normal tissues and tumor tissues, as well as in
tumor cell apoptosis.”* Furthermore, IGF2BP1 expression contributes
to the stemness of MSCs and is essential for MSC proliferation;
knockdown of IGF2BP1 significantly inhibits the proliferation of
MSCs.”>*° Herein, we demonstrated that miR-98-5p induces MSCs
apoptosis by downregulating IGF2BP1.

IGF2BP1 functions by binding to the mRNAs of certain genes, such as
PTGS2, PTEN, and IGF-2, thus stabilizing IGF-2 and other tran-
3653457 11 the present study, we found that IGF-2 was decreased
in ITP-MSCs as a consequence of the downregulation of IGF2BP1.
IGF-2 can signal via paracrine or autocrine routes to interact with
IGFIR, which is a receptor tyrosine kinase, while IGF2R is not.”
Upon ligand binding, IGF1R activates the PI3K/Akt pathway, thus
inducing transcriptional activity to promote survival, self-renewal,
and differentiation of MSCs.”® IGF-2 was recently demonstrated to
be a key factor mediating the anti-inflammatory effect of human
MSCs.”” Considering that IGFIR has the highest binding affinity
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Figure 6. ATRA Protects ITP-MSCs from Apoptosis
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(A) Cell apoptosis of ATRA-treated ITP-MSCs was analyzed by flow cytometry (n = 6). (B) miR-98-5p expression in ATRA-treated ITP-MSCs was detected by gRT-PCR
(n=6). (Cand D) IGF-2 (C) and B-TrCP (D) mRNA expression in ATRA-treated ITP-MSCs was detected by gRT-PCR (n = 6). (E) The activity of the IGF-2/PI3K/Akt pathway
was detected by western blot (n = 6). (F) B-TrCP-dependent p53 ubiquitination was detected in ATRA-treated ITP-MSCs (n = 6). All data are shown as mean + SD. *p < 0.05,

*p < 0.01, **p < 0.001.

toward IGF-1, followed by IGF-2, we detected both IGF-1 and IGF-2
concentrations in the bone marrow serum and cultured medium. The
results showed that IGF-1 displayed no difference between ITP pa-
tients and healthy controls, but IGF-2 expression was significantly
lower in ITP-MSCs. Importantly, the PI3K/Akt pathway in ITP-
MSCs was predictably inhibited, which was a downstream effect of
miR-98-5p targeting IGF2BP1. By adding exogenous IGF-2 to the
culture medium, ITP-MSC apoptosis was considerably alleviated.

As a tumor suppressor, p53 plays an important regulatory role in
apoptosis.”” We have previously demonstrated that the upregulation
of p53 was responsible for the enhanced apoptosis of ITP-MSCs.” In
this study, we demonstrated that miR-98-5p contributed to the accu-
mulation of p53 by downregulating IGF2BP1. B-TrCP, a critical fac-
tor of the SCFP" """ ubiquitin ligase complex, mediates p53 ubiquiti-
nation and promotes proteasome degradation of p53.°>*° As a
mRNA-binding protein, IGF2BP1 inhibits 3-TrCP mRNA degrada-
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tion and thus maintains the stability of B-TrCP.””*® In addition to
the accumulation of p53 in ITP-MSCs, we also detected the reduction
in B-TrCP in ITP-MSCs. The ubiquitination assay reflected that the
B-TrCP-dependent ubiquitination of p53 was inhibited, thus result-
ing in p53 upregulation in ITP-MSCs; this upregulation was found
to be a consequence of the reduction in IGF2BP1 mediated by
miR-98-5p. As a key regulator of apoptosis, p53 interacts with
many signaling pathways through induction of target genes or tran-
scription-independent mechanisms.”’ Typically, p53 suppresses
IGFIR gene transcription, leading to abrogation of the IGF signaling
network.”**" In this study, we revealed that p53 suppressed the activ-
ity of the IGF-2/PI3K/Akt pathway by suppressing IGFIR expression.

To further support our findings, we showed that in active ITP mice,
the therapeutic effect of MSC transfusion was impaired when miR-
98-5p was overexpressed in MSCs. ATRA is currently used as a
chemotherapeutic agent in the treatment of acute promyelocytic
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leukemia.®”? In addition, ATRA has recently been demonstrated to
inhibit T helper 17 (Th17) cell polarization, enhance FoxP3 expres-
sion, and modulate regulatory T cells in human inflammatory dis-
eases.”” ®° The therapeutic efficacy of ATRA in ITP patients was re-
ported in our previous study,”' and we showed that ATRA could
protect MSCs from ITP patients by regulating the complement-IL-
1B loop.*” It has been shown that ATRA treatment leads to the
expression of a selected set of miRNAs in regulatory T cells.”° In
this study, we showed that ATRA treatment improved ITP-MSCs
by downregulating miR-98-5p.

In conclusion, our results demonstrate that miR-98-5p targeting
IGF2BP1 plays a pro-apoptotic role in ITP-MSCs, and the resulting
IGF-2/PI3K pathway inhibition and p53 accumulation are involved
in ITP-MSC apoptosis. ATRA protects ITP-MSCs from apoptosis,
most likely by inhibiting miR-98-5p expression, which presents a po-
tential therapeutic approach for ITP.

MATERIALS AND METHODS

Patient Samples

MSCs from four ITP patients and four healthy controls were used for
miRNA microarray analysis, as previously mentioned.'® Another 12
newly diagnosed ITP patients (5 males and 7 females; age range,
19-49 years; median age, 35 years) and 12 matched healthy controls
(6 males and 6 females; age range, 18-45 years; median age, 32 years)
were selected for isolating and expanding MSCs to perform the
following experiments. All patients were diagnosed based on previ-
ously published criteria for ITP.®” Patients more than 18 years old
at diagnosis with platelet counts <30 x 10°/L between December
2018 and February 2019 were enrolled. The clinical characteristics
of the 12 ITP patients are presented in Table S1. All of the patients
and controls provided written consent to participate in the study,
which was approved by the Ethics Committee of the Peking Univer-
sity People’s Hospital, and the study was conducted in accordance
with the Declaration of Helsinki.

Animal Model and Treatment

WT C57BL/6] mice that were used as platelet donors and splenocyte
transfer recipients were purchased from Beijing Vital River Laboratory
Animal Technology (Beijing, China). C57BL/6] CD61 knockout (KO)
mice (B6.129S2-Itgb’ tmIHyn 1Sem]; stock no. 008819) were provided by
Dr. Junling Liu from the Shanghai Jiaotong University School of Basic
Medicine. All animal experiments were approved by the Animal Ethics
Committee of Peking University People’s Hospital.

To establish an active murine model of ITP, we washed WT platelets
and adjusted them to a concentration of 10” cells/mL. CD61 KO mice
were transfused with 100 uL of 10® WT platelets weekly for 3 weeks, as
previously described.”® The immunized CD61 KO mice were then
killed, and their spleens were removed and prepared into a splenocyte
suspension. Finally, 5 x 10° splenocytes were transfused into WT

1.° To observe the effects of

mice to establish the active ITP mode
miR-98-5p on MSCs in vivo, MSCs from healthy controls were trans-

fected with pri-miR-98-5p plasmid vectors to induce overexpression

of miR-98-5p. Then, 6 x 10° transfected MSCs were injected into ITP
mice intravenously for 2 days after the splenocyte transfer. NC
plasmid vector-transfected MSCs (6 X 10°%) were injected into ITP
mice to serve as the control group. Platelet counts were recorded every
4 days, and mice were sacrificed for further sera cytokine detection
and MSC experiments on day 12.

miRNA Microarray Analysis

The miRNA microarray analysis was conducted as in our previous
study.'® In the present study, we reanalyzed the miRNA microarray
data. The miRNA functions and miRNA target mRNAs were identi-
fied using the miRbase (http://www.mirbase.org), TargetScan, and
Miranda algorithms.

Isolation, Expansion, and Characterization of MSCs

Samples of bone marrow were taken from the iliac crest of participants
after informed consent had been obtained. Bone marrow mononuclear
cells were isolated using 1.073 g/mL Ficoll separation medium (Solar-
bio, China) and were cultured in low-glucose Dulbecco’s modified Ea-
gle’s medium (L-DMEM) (Life Technologies, USA) supplemented
with 10% defined fetal bovine serum (FBS) (Gibco, USA) and
100 U/mL penicillin/streptomycin (Life Technologies). The cultures
were maintained at 37°C in a humidified 5% CO, incubator. Medium
containing nonadherent cells was replaced after 48 h and then every
3 days. Cells were detached using 0.25% trypsin-EDTA (Life Technol-
ogies) when cultures reached 90% confluence, and then they were
seeded in flasks at a density of 1 x 10° cells/25 cm* and cultured for
another 4-5 days to obtain the next passage of MSCs.

To confirm the MSC phenotype, passage 4 plastic adherent cells were
analyzed by flow cytometry (FCM) (Beckman Coulter, USA) based on
positive staining (>95%) for CD29, CD105, CD90, CD73, and CD166
and negative staining (<2%) for CD45, CD14, CD31, human leuko-
cyte antigen (HLA)-DR, and CD133 (Figure S5). The following anti-
bodies were applied: fluorescein isothiocyanate (FITC)-conjugated
anti-human CD14 and CD29, allophycocyanin (APC)-conjugated
CD45 and CD31, peridinin chlorophyll protein (PerCP)-conjugated
CD105 and CD90, phycoerythrin (PE)-conjugated CD73, and
HLA-DR. Their isotypes were used as controls.

Cell Transfection Assay

Plasmids vectors (Figure S2A) containing miR-98-5p NC (miR-98-
5p-NC), pri-miR-98-5p (miR-98-5p-M), and inhibitor-miR-98-5p
(miR-98-5p-I) were purchased from Invitrogen/Life Technologies).
Before transfection, MSCs were seeded on plates and incubated over-
night. According to the manufacturer’s instructions, transient trans-
fection of MSCs with these plasmids was performed by electropora-
tion using a 4D-Nucleofector system.

The siRNA-IGF2BP1 was transfected into MSCs to silence IGF2BP1
expression. As controls, cells were transfected with a scrambled
siRNA sequence. The sequences of miR-98-5p-mimic, miR-98-5p-in-
hibitor, siRNA-IGF2BP1, and scrambled siRNA are presented in
Table S2. All siRNAs were transfected into MSCs using the
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transfection reagent (Roche Applied Science, Germany) according to
the manufacturer’s instructions. At 24, 48, and 72 h after transfection,
cells were harvested to detect miR-98-5p and IGF2BP1 expression,
thus determining the optimal transfection time.

PFT-a and ATRA Treatment

Cells were detached by incubation with 0.25% trypsin-EDTA for
1 min, and then they were seeded in flasks at 5 X 10° cells/mL and
treated with PFT-a. (50 pM) or ATRA (50 pg/mL) for 48 h. Then, cells
were prepared for western blotting and qRT-PCR analysis.

Luciferase Reporter Assay

According to the manufacturer’s protocol, WT and MUT IGF2BP1 3’
UTRs were generated using the QuickChange site-directed mutagen-
esis kit (Stratagene, USA). The 3’ UTRs were then integrated into the
plasmid. LM3 cells were cotransfected with 200 ng of the vector car-
rying the WT or MUT IGF2BP1 3’ UTR and 100 nM pri-miR-98-5p
plasmids. Forty-eight hours after transfection, LM3 cells were washed
and lysed using lysis buffer. Then, a Dual-Luciferase reporter assay
system (Promega, USA) was used to determine the firefly luciferase
and Renilla luciferase activities. Renilla luciferase activity was normal-
ized to obtain the relative reporter activity.

gRT-PCR

The total RNA from MSCs was extracted from MSCs using TRIzol re-
agent (Life Technologies). The RNA was reverse transcribed into
cDNA according to the manufacturer’s instructions. qRT-PCR was
performed on an ABI 7500 Fast real-time PCR detection system
(Applied Biosystems, USA). A Mir-X miRNA qRT-PCR TB Green
kit (Takara, Japan) was used to analyze the expression of miRNAs,
and a PrimeScript RT reagent kit (Takara) was used to analyze the
expression of mRNAs. Internal housekeeping controls were U6 and
GAPDH. All primers for miRNA and other genes were purchased
from Guangzhou RiboBio (China). The relative expressions of miR-
NAs and mRNAs were calculated using the 27**“" method. Primers
for qQRT-PCR are presented in Table S3.

Cell Proliferation and Apoptosis Assays

The proliferation of MSCs was determined using a CCK-8 assay kit
(Beyotime, China) in accordance with the manufacturer’s protocol.
Briefly, cells were seeded into a 96-well plate at a concentration of
5 x 10° cells per well for growth overnight. CCK-8 reagents were
added to a subset of wells and incubated for 2 h at 37°C. The absor-
bance of each well was quantified at a wavelength of 450 nm.

For the apoptosis assay, an annexin V-FITC apoptosis detection kit
(Sigma, USA) was used. Generally, cells were washed twice with phos-
phate-buffered saline (PBS) and incubated with 5 pL of annexin
V-FITC and 5 pL of propidium iodide (PI) for 30 min at 4°C in dark
conditions. Then, samples were analyzed by FCM (Beckman Coulter).

Western Blot Analysis and ELISA Assay

Cells were incubated in radioimmunoprecipitation assay buffer con-
taining proteinase inhibitor and PhosSTOP (Roche, Switzerland). A

774 Molecular Therapy: Nucleic Acids Vol. 20 June 2020

Molecular Therapy: Nucleic Acids

bicinchoninic acid (BCA) kit (Sigma) was used to analyze the total
protein concentration. Proteins were resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were
then transferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were then blocked with 5% BSA at room temperature
for 2 h and incubated overnight with antibodies against IGF2BP1
(Abcam, ab82968, UK), B-TrCP (CST, 4394, USA), IGF1R (CST,
9750), p-IGF1R (Tyr1135) (CST, 3918), PI3K (Proteintech, 60225-
1-Ig, USA), phosphorylated (p-)PI3K p85 (Tyr607) (Abcam,
ab182651), Akt (CST, 4691), p-Akt (Ser473) (CST, 4060), Bcl-2
(CST, 15071), Bax (CST, 2772), caspase-3 (Proteintech, 66470-2-
Ig), p53 (Abcam, ab26), ubiquitin (Abcam, ab7780), and GAPDH
(CST, 2118) at dilutions specified by each manufacturer’s instruc-
tions. The membranes were then washed with Tris-buffered saline
with Tween 20 (TBST) and incubated with horseradish peroxidase-
conjugated anti-rabbit or anti-mouse secondary antibodies for 1 h.
The blots were developed and proteins were semiquantitatively
analyzed using an enhanced chemiluminescence kit (Pierce, USA).

We detected IGF-1 and IGF-2 concentrations in the bone marrow
serum and cultured medium using an IGF-1 ELISA kit (R&D,
DG100, USA) and an IGF-2 ELISA kit (BioVision, K4412, USA),
respectively, according to the manufacturer’s instructions. The serum
IFN-v, IL-10, and TGF- of mice were determined using the corre-
sponding ELISA kits (Proteintech, KE10001, KE10008 and KE10005).

Coimmunoprecipitation and Ubiquitination Assay

For the detection of ubiquitinated p53 protein, cells were treated with
20 pM MG132 (Sigma) for 8 h. Then, cells were collected in PBS and
resuspended in 1 mL of lysis buffer and centrifuged. Subsequently, the
cell lysates were immunoprecipitated with mouse anti-p53 antibody
and protein A-Sepharose (GE Healthcare, USA), and the precipitates
were analyzed by immunoblot with the indicated antibodies after six
washes with PBS with Tween 20 (PBST).

Statistical Analysis

The data are shown as the mean + SEM and were analyzed using
GraphPad Prism 8.0. Comparisons between two groups were per-
formed using the Student’s t test, while comparisons among three
or more groups were conducted using one-way ANOVA. p < 0.05
was considered statistically significant.
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