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miR-582 negatively regulates pre-B cell proliferation and
survival through targeting Hif1a and Rictor
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B cell development in bone marrow (BM) is a multi-staged process involving pro-B, pre-B, immature B, and mature B cells, among
which pre-B cells undergo vigorous proliferation, differentiation, apoptosis, and gene rearrangement. While several signaling
pathways participate in pre-B cell development have been clarified, detailed intrinsic mechanisms regulating pre-B cell proliferation
and survival have not been fully understood. In the current study, we report that miR-582 regulates pre-B cell proliferation and
survival. miR-582 is enriched in pre-B cells. Deletion of miR-582 in mice expanded the BM pre-B cell population in a cell-
autonomous manner as shown by competitive BM transplantation. We show that forced miR-582 overexpression inhibited pre-B
cell proliferation and survival, whereas downregulation of miR-582 by siRNA significantly promoted pre-B cell proliferation and
survival in vitro. We identified that Hif1a and Rictor are authentic targets of miR-582 in pre-B cells as shown by reporter assays.
Moreover, miR-582 overexpression reduced the expression of Hifla and its downstream molecule Glut1, as well as Rictor and
mTORC2 activity as shown by attenuated AKT and FoxO1 phosphorylation, while miR-582 knockdown showed opposite effects.
miR-582 knockdown-induced increases in pre-B proliferation and survival was abrogated by Hif1a and Rictor inhibitors. Together,

miR-582 functions as a negative regulator of pre-B cell proliferation and survival by simultaneously targeting Hifla and
mTORC2 signaling that regulates metabolism in early B cell development.
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INTRODUCTION
B lymphocytes (B cells) are pivotal adaptive immune cells that
mediate the humoral arm of immune responses against patho-
gens and mutant cells by secreting antibodies that specifically
recognize and bind antigens [1]. In adult mammals, B cells are
derived from hematopoietic stem cells (HSCs) accommodated in
the bone marrow (BM) [2]. HSCs differentiate into common
lymphoid progenitors (CLPs), which select a B cell fate by initiating
the consecutive process of DNA recombination of B cell receptor
(BCR) genes to generate a specific BCR for each B cell clone [3, 4].
This process is accompanied by staged B cell development
including pro-B, pre-B, immature and mature B cells, during which
cell proliferation, differentiation, as well as clonal selection take
place to guarantee the formation of a proper peripheral B cell
repertoire [5]. The pre-B cells, which are divided into large pre-B
and small pre-B cells, are characterized by vigorous cell prolifera-
tion to provide enough number of B cells for later development
[6]. Elucidating mechanisms regulating pre-B cell proliferation and
survival is one of the research focuses for understanding B cell
development and related human malignancies such as certain
types of B cell lymphoma.

B cell development is controlled by both BM microenviron-
mental cues and cell-intrinsic programs [7]. At the pre-B cell stage,

signaling through pre-BCR composed of a rearranged heavy chain
and a surrogate light chain is critical for proliferation and survival
[8]. Interleukin (IL) 7 derived from BM stromal cells also stimulates
pre-B cell proliferation via the IL7 receptor [6, 9]. On the other
hand, cell-intrinsic programs such as metabolism also play critical
roles in regulating pre-B cell development [10, 11]. For instance,
glucose is critically involved in vigorous expansion of pre-B cells
[12]. Pre-B cells uptake glucose using the glucose transporter
(Glut) 1, and utilize glucose by glycolysis for energy production
and biosynthesis [10]. Hypoxia-inducible factor 1 a (Hif1a), a major
transcription factor regulating glucose metabolism, is involved in
regulating B cell development [13] and T cell activation [14].
Glycolysis in Hifla deficient BM B cells is attenuated compared
with the wild-type control, and the expression of Glutl and the
glycolytic enzyme 6-phosphofructo-2-kinase is greatly reduced
[13]. Rictor, the essential component of mammalian target of
rapamycin complex 2 (mTORC2), has been reported to regulate B
cell maturation [15], although controversy exists on this conclu-
sion [16]. More studies are required to elucidate the exact
mechanisms regulating Hif1a/Glut1 and Rictor-mTORC2 signals in
B cell development.

MicroRNAs (miRNAs) are short noncoding RNAs of about 22
nucleotides in length that regulate gene expression by binding to
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the untranslated region (UTR) of mRNAs with seed sequence [17].
Evidence has indicated that miRNAs are involved in B cell
development and functions [18]. In an attempt to identify miRNAs
involved in organogenesis, we detected miR-582 as a differentially
expressed miRNA in proliferating and non-proliferating cells. miR-
582 is harbored in the 3rd intron of the mouse phosphodiesterase
4D gene. Previous reports have shown that the expression of miR-
582 in B cells of MLL rearranged leukemia patients is significantly
lower than other in ALL patients [19]. Compared with normal
human B cells, the expression of miR-582 is significantly down-
regulated in B cells from multiple sclerosis patients [20]. In
addition, compared with normal human mature B cells, the
expression of miR-582 is dysregulated in B cell chronic lympho-
cytic leukemia patients [21]. In this study, we show that depletion
of miR-582 significantly expands the B cell population in BM by
facilitating the proliferation and survival of pre-B cells. Moreover,
we demonstrate that miR-582 directly regulates the expression of
Hif1a and Rictor to regulate B cell development.

MATERIALS AND METHODS

Mice

Four-to-eight-weeks female miR-582 knockout (KO) mice were generated
using the CRISPR/Cas9 method by a commercial service provided by
Beijing Biocytogen Co. Ltd (Beijing, China). Mice were maintained on the
C57BL/6 background in a specific pathogen-free facility, and genotype by
polymerase chain reaction (PCR) with tail DNA as a template. Primers are
listed in Supplementary Table S1. All animal experiments were approved
by the Northwestern Polytechnical University Animal Studies Committee
and the Animal Experiment Administration Committee of Fourth Military
Medical University, and carried out according to the approved protocols.

Bone marrow (BM) transplantation

For competitive BM transplantation, 2 x 10® BM cells from WT or miR-582
KO mice (CD45.2) were mixed with equal number of BM cells from normal
SJL (CD45.1, Charles River, Beijing, China) mice, and injected into lethally
irradiated (9 Gy) recipient mice through the tail vein. Mice were analyzed
by flow cytometry 2 months after the transplantation for the proportion of
CD45.2" and CD45.1"cells [22].

Fluorescence-activated cell sorting (FACS) assay
Single cell suspensions were prepared from mouse BM, spleen, and lymph
nodes by mechanic dispersion, and subjected to erythrolysis according to
routine protocols. Cells (3 x 10%) in FACS solution (PBS with 2% fetal bovine
serum [FBS] and 0.1% NaNs) were stained with labeled antibodies in dark
for 30 min on ice. After washing, cells were analysis using a FACSCanto I™
flow cytometer (BD Biosciences, San Jose, CA, USA). Cell viability was
evaluated with 7-amino-actinomycin D (7-AAD) (BD Biosciences). For
cytoplasmic staining, 1 mg/mL GolgiPlug (BD Biosciences) was added 5 h
before cell harvest. Cells were incubated with antibodies against surface
markers as above, washed, and re-suspended in Cytofix/Cytoperm solution
(BD Biosciences) and incubated at 40 °C for 20 min, followed by staining
with PE anti-mouse Rictor or PE anti-mouse Hif1a before analysis by flow
cytometry. Data were analyzed with the FlowJo7.6 software (Tree Star, USA).
Total B cells were enriched from mouse BM and spleen by using a
MACSxpress B cell isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). The purity of the enriched B cells was > 90% as determined
by FACS after B220 staining. Mouse pre-B cells were further sorted by using
a FACSAria 1™ cell sorter (BD Biosciences) by gating on
CD45%IgM'B2207CD43 ™~ cells [23, 24]. The purity of the sorted pre-B cells
was > 99% as determined by FACS (Supplementary Fig. STA).

Cell culture and transfection

HEK293T cells (American Type Culture Collection, ATCC, Manassas, VA, USA)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin, and incubated at 37 °C in 5% CO, and
95% air. Cells were routinely tested for the absence of mycoplasma using a
MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza, Basel, Swiss). Primary
murine pre-B cells were maintained in Opti-MEM medium (Invitrogen)
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin,
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100 pg/mL streptomycin, and 10 ng/ml mouse IL-7 (R&D Systems, Minneapolis,
MN). In some experiments, Hifla inhibitor Echinomycin (2nM, Abcam,
Cambridge, MA, USA) or mTORC2 inhibitor JR-AB2-011 (1 pM, MedChemex-
press, Shanghai, China) were added in culture.

In order to test the infection efficiency of lentivirus on pre-B cells, we first
used EGFP-labeled lentivirus to infect pre-B cells. Cells (1 x 10%/well) were
seeded in 96-well plates. The EGFP-labeled lentivirus particles were added at
multiplicity of infection (MOI of 50), and cultured for 12 h before medium was
changed. After 24 h, we tested the cell infection efficiency by flow cytometry,
and found that the infection efficiency of pre-B cells reached more than 98%
(Supplementary Fig. S1B). Then, to overexpress miR-582 or its antagonist in B
cells, sequences of pre-miR-582 and anti-miR-582 (Supplementary Fig. S1C, D)
were inserted into the lentivirus vector GV369 or GV280, respectively. Viral
particles were packaged via a commercial service provided by Genechem
(Shanghai, China). The more detail methodology that used to produce the
lentivirus are refer to the lentivirus packaging system instructions of Genechem
(Shanghai, China). Cells (1 x 10%well) were seeded in 96-well plates. The
lentivirus particles were added at multiplicity of infection (MOI of 50), and
cultured for 12h before medium was changed and cultured further for
1-5 days according to experimental designs. The anti-miR-582 lentivirus
included anti-miR-582-3p and anti-miR-582-5p at a ratio of 1:1. In each
experiment setting, before studying the regulatory effects of pre-miR-582 and
anti-miR-582 lentivirus on pre-B cells, we will first determine the expression of
pre-miR-582 and anti-miR-582 on pre-B cells.

The 3’-UTR fragments of Rictor (8970-9176, NM_030168) or Hif1a (1193-
1399, NM_010431) were amplified by RT-PCR, and inserted into GV272
downstream to the luciferase gene to construct GV272-WT-Rictor and GV272-
WT-Hif1q, respectively. The putative binding sites for miR-582 were mutated
by PCR to obtain GV272-mut-Rictor and GV272-mut-Hif1a. All constructs
were confirmed by DNA sequencing. For luciferase reporter assay, cells were
co-transfected with 50 nM of pre-miR-582 mimics or pre-miR-Ctrl, 100 ng
reporter construct or GV272, and 5 ng phRL-TK using Lipofectamine 2000™
(Invitrogen) following the manufacturer’s protocol. Cells were harvested 72 h
after transfection, and firefly and renilla luciferase activities were evaluated
with a Dual-Luciferase Reporter Assay System (Promega).

Cell proliferation and apoptosis

Pre-B cells were resuspended in PBS and incubated with 5,6-carboxyfluorescein
diacetate succinimidyl ester (CFSE) at the concentration of 2.5 uM (Molecular
Probes, ThermoFisher Scientificc Waltham, MA, USA) for 15min at 37°C,
followed by adding 10% FBS-containing Opti-MEM medium to quench CFSE.
After washing twice with medium, cells were resuspended in culture medium
and cultured in 96-well U bottom plates (5 x 10° cells/well, Corning Inc,,
Corning, NY, USA) for 5 days, and the proliferation was analyzed by flow
cytometry.

To evaluate apoptosis, cells were resuspended in 100 L binding buffer, prior
to the addition of 5 uL Annexin V (BD Bioscience) and incubated for 15 min.
Cells were washed twice, and 400 pL of binding buffer and 5 uL 7-AAD were
added. The percentage of apoptotic cells were analyzed by flow cytometry.

Glucose uptake assay

Cells were pelleted at 500g for 5min at 4°C and washed twice with
glucose-free  medium. The 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
aminol-p-glucose (2-NBDG, Cayman Technologies) was diluted to 150 g/
mL in glucose-free medium, and 100 pL of the 2-NBDG-containing medium
was added to cells and incubated at 37 °C for 60 min in dark. The cells were
washed twice with PBS to remove residual 2-NBDG and then analyzed by
flow cytometry.

Quantitative reverse transcription-PCR (qRT-PCR)

Total RNA was isolated using the Trizol reagent (TaKaRa Biotechnology,
Dalian, China) according to the manufacturer's protocol [25]. cDNA
synthesis and quantitative PCR were performed using the Mir-X™ miRNA
First-Strand Synthesis Kit (TaKaRa), SYBR Prime Script RT-PCR Kit (TaKaRa)
and QuantStudio 3 realtime PCR system (Life Technologies, Waltham, MA),
with B-actin and U6 as reference controls for mRNA and miRNA,
respectively. Primers are listed in Supplementary Table S1.

Western blotting

Cells were harvested and washed twice with cold PBS, and lysed using the
radio immunoprecipitation assay (RIPA) buffer (Beyotime, Shanghai, China)
containing 10 nM phenylmethanesulfonyl fluoride (PMSF). Protein concentra-
tions were determined by a BCA protein assay kit (ThemoFisher Scientific).
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Fig. 1 miR-582 ablation leads to B cell expansion in BM and spleen. A Expression of miR-582-5p and miR-582-3p in FACS-sorted murine pro-
B, pre-B, imm-B, ma-B, and spleen B cells was determined by gqRT-PCR. B Strategy of CRISPR-Cas9-mediated deletion of the pre-miR-582 gene,
which is accommodated in the third intron of Pde4d gene, in mice. Black boxes and lines indicate exons and introns of the murine Pde4d gene,
respectively. pre-miR-582 gene is represented with a yellow box, and the blue boxes indicate the position of primers for genotyping.
C Expression of miR-582-5p, miR-582-3p, and Pde4d gene in total BM B cells from wild type and miR-582-deleted mice was determined by qRT-
PCR, with U6 and f-actin as reference controls for miRNAs and Pde4d, respectively (n = 3). D, E Single cell suspensions from BM, spleen, and
lymph nodes (LN) from miR-582 deficient and control mice were analyzed by flow cytometry (D), and the percentage of B220" B cells in each
organ were quantitatively compared (E ) (n=4).F G Spleen cells from adult miR-582 deficient mice and normal littermates were stained as
indicated and analyzed by FACS (F). /glnal zone (MZ-) B cells (CD45"B2207CD21"9"CD23"), follicular (Fo-) B cells (CD45 gD IgM™),
transitional 1 B cells (CD45 B220"CD21°"~CD23") transmonal 2 B cells (CD45 IgD"9"igM™), Fo-+T2-B cells (CD4S+BZZO+CD21+CD23+) and
MZ + T1-B cells (CD45 IgD"*"'~“IgM™) were quantltatlvely compared (G) (n =4). H Serum IgM and IgG in miR-582 KO and control mice were
analyzed by ELISA (n = 3). Bars represent means + SEM, *P < 0.05, ***P < 0.001, ns P > 0.05.

Samples were separated with sodium dodecyl sulfate-12% polyacrylamide gel evaluate whether miR-582 regulates B cell development, we
electrophoresis (SDS-PAGE), and blotted onto a polyvinylidene fluoride (PVDF) examined the expression of miR-582 and its host gene phospho-
membrane (Millature Antiipore, Billerica, MA). Membranes were blocked with diesterase (Pde) 4d in B cells at different developmental stages. To

5% skim milk for 1 h, and incubated with primary antibody at 4 °C overnight
followed by secondary antibody for 1h at room temperature. Antibodies
included B-actin (1:2000, Beyotime), Rictor (1:1000, Abcam), Hif1a (1:1000,

do this, pro-B, pre-B, immature (imm)-B, and mature (ma)-B cells
were sorted from BM and spleen, and the expression of miR-582-

Abcam), Glut1 (1:1000, Abcam), p-AKT (1:1000, Abcam), AKT (1:1000, Abcam), 2P+ MiR-582-3p, and Pde4d mRNA was determined by gRT-PCR.
p-FoxO1 (1:1000, CST), FoxO1 (1:1000, CST), HRP-conjugated goat anti-rabbit ~ 1he results showed that while miR-582-3p could be detected at
IgG (Genshare, Xian, China), and HRP-conjugated goat anti-mouse IgG low level, miR-582-5p is expressed dynamically along B cell
(Genshare, Xian, China). development, with the highest expression detected in pre-B and
imm-B cells (Fig. 1A). The mRNA expression of Pde4d is
Statistical analysis inconsistent with miR-582, suggesting that they are regulated by
Statistical analyses were performed with GraphPad Prism 7.0 software. distinct meChan'SmS (Suppl(lementa'ry F.Ig. S2A). .
Student’s two-tailed t-test and one-way ANOVA were used to calculate To define functions of miR-582 in vivo, we generated miR-582
statistical significance. All results are expressed as mean + SEM. P < 0.05 knockout (KO) mice using the CRISPR/Cas9 technology (Fig. 1B and
was considered statistically significant. Supplementary Fig. S2B). QRT-PCR showed that in BM of homozygous

miR-582 KO mice, the expression of miR-582-5p and miR-582-3p was

almost undetectable, while the expression of Pde4d mRNA was not
RESULTS influenced (Fig. 1C). We then analyzed the major hematopoietic
miR-582 ablation expands B cell population in BM and spleen populations in BM, spleen and lymph nodes (LN) by FACS. The results
miR-582 was originally identified as a miRNA expressed in the showed that B220" B cell population expanded moderately but
mouse central nervous system in our lab and likely involved in significantly in BM and spleen, but not LN, of miR-582 KO mice
regulating early neural development (data not shown). To (Fig. 1D, E). Other hematopoietic populations, including T cells (CD3™),
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Fig. 2 BM B cells expands cell-autonomously in miR-582 deficient mice. A Scheme of the competitive BM transplantation experiment.
B, C BM cells from the recipient mice were analyzed for CD45.1" and CD45.2" populations by flow cytometry (n = 4). D, E BM cells from the
recipient mice were analyzed for B220™ B cells in the CD45.2™ populations by flow cytometry and quantitatively compared (n = 4). Bars

represent means = SEM, **P < 0.01, ***P < 0.001.

natural killer (NK) cells (NK1.17), and myeloid cells (CD11b™), showed
no significant difference in BM or LN between miR-582 KO and WT
control mice. Still, we can see a tendency of reductions in spleen T,
myeloid, and NK lineages, although not statistically significant
(Supplementary Fig. S3A-F). In BM, the relative expression of miR-
582-5p in B cells is significantly higher than in T cells and NK cells
(Supplementary Fig. S3G).

We then examined B cell subpopulations in the spleen of miR-
582 KO and control mice. The result showed that miR-582 ablation
resulted in a subtle increase in the percentage of follicular (Fo) and
transitional (T) 2 B cells in the spleen (Fig. 1F, G). Serum IgM
increased slightly but significantly, while IgG kept unchanged in
miR-582 KO mice as compared with the WT control (Fig. TH). These
results suggested that miR-582 is involved primarily in early B cell,
most likely pre-B to imm-B, development.

miR-582 disruption increases BM B cells in a cell-autonomous
manner

To clarify whether miR-582 disruption increased BM B cells by
influencing B cell-intrinsic mechanisms or by modifying BM micro-
environment, we performed a competitive BM transplantation assay
(Fig. 2A). BM nucleated cells were collected from miR-582 KO or WT
control mice (CD45.2), mixed with BM cells from SJL mice (CD45.1) at
a ratio of 1:1, and transplanted into lethally irradiated (9 Gy) mice. BM
from the recipient mice were analyzed by flow cytometry at 8 weeks
of post-transplantation. The result showed that compared with WT
mice, CD452" BM cells from miR-582 KO mice exhibited a
significantly increased proportion over the CD45.1% BM cells

SPRINGER NATURE

(Fig. 2B, Q). Moreover, in the CD45.2" population, proportion of
B220" B cells from miR-582 KO mice was significantly higher than
that from WT mice (Fig. 2D, E). In various hematopoietic cells of bone
marrow, miR-582 is relatively highly expressed in B cells, and miR-58
ablation results in increased BM B cells via B cell-intrinsic but not
environmental cues.

miR-582 ablation increases pre-B cells in BM

In BM, B cells develop through a defined lineage composed of
proB cells (CD45'B2207CD43%IgM™), preB cells (CD45
+lgM~B2207CD437), imm-B cells (CD457B220°¥IgM™) and ma-B
cells (CD45%B220"9"gM™) [24]. To reveal which developmental
stage was influenced under miR-582 deficiency, we analyzed
proportion of each B cell population in BM of miR-582 KO and WT
mice. The gating strategy for bone marrow B cell subsets is shown in
Supplementary Fig. S4. The result showed that pre-B and imm-B cells
were significantly increased in miR-582 KO mice as compared with
the WT control, while there were no significant changes in BM pro-B
and ma-B cells between miR-582 KO and WT control mice (Fig. 3A, B).
A similar pattern of B cell subsets was observed in recipient mice of
BM transplantation experiment, except imm-B cells population and
numbers (Fig. 3C, D). These results indicate that miR-582 deficiency
specifically increases pre-B cells in BM.

miR-582 represses proliferation and promotes apoptosis of
pre-B cells

At the pre-B stage, B cells undergo vigorous proliferation to
expand cell population before entering negative selection

Cell Death and Disease (2022)13:107
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through apoptosis, clonal anergy, or BCR editing [26]. The
enlarged pre-B population in miR-582 KO mice suggests that
miR-582 represses pre-B cell proliferation. To verify this assump-
tion, pre-B cells from wild type mice transfected with pre-miR-582
or miR-582 siRNA (anti-miR-582) using lentivirus, the gRT-PCR
results showed that, compared with control group, miR-582 is
significantly increased in pre-miR-582 group and decreased in
anti-miR-582 group (Supplementary Fig. S6A). Then, cell prolifera-
tion and apoptosis were accessed. CFSE labeling assay showed
that on day 3 and day 5 after viral infection, the proliferation of
pre-B cells, large pre-B cells decreased significantly in the miR-582-
overexpressed group (Fig. 4A, B). In contrast, transfection of anti-
miR-582 with lentivirus resulted in increased pre-B cell, large pre-B
cells proliferation (Fig. 4A, B). Furthermore, we cultured BM B cells
from WT and miR-582 KO mice in vitro for 72 h, and analyzed the
proliferation of pre-B cells. CFSE labeling assay showed that the
proliferation of pre-B, large pre-B cells increased significantly in
the miR-582 KO group (Fig. 4C, D). The gating strategy of pre-B
cells from enriched bone marrow B cells is showed in
Supplementary Fig. S5. We also addressed pre-B cell apoptosis
under the same experimental settings by staining cells with
Annexin V and 7-AAD. The result showed that compared with the
control, there was a significant increase in the proportion of early
and late apoptotic (Annexin V/7-AAD~") pre-B cells upon
transfection with pre-miR-582, and pre-B cell apoptosis decreased
significantly in the anti-miR-582-transfected group (Fig. 4E, F).
Furthermore, we cultured BM B cells from WT and miR-582 KO
mice in vitro for 72 h, and analyzed apoptosis by staining with
Annexin V and 7-AAD in total pre-B, large pre-B, and small pre-B
cell compartments. The results showed that the majority of the
decreased apoptotic pre-B cells are large pre-B cells in the miR-582
KO group (Fig. 4G, H). Collectively, these results indicate that miR-
582 represses proliferation and promotes apoptosis of pre-B cells,
especially the large pre-B cells.
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miR-582 downregulates Rictor and Hif1a by targeting their 3’
UTR in pre-B cells

To address the molecular mechanism by which miR-582 regulates
pre-B cell proliferation and apoptosis, we analyzed putative target
genes of miR-582 in the TargetScan 6.2 and miRanda database.
The results showed that the 3’UTRs of Rictor and Hifla harbor
highly conserved miR-582 binding sites (Fig. 5A). To confirm that
miR-582 inhibits Rictor and Hifla expression, we constructed
reporter constructs using wild type and miR-582-binding site-
mutated 3’UTR of Rictor and Hifla (Supplementary Fig. S6B).
HEK293T cells, pre-B cells, pro-B cells, and imm-B cells were co-
transfected with pre-miR-582 and different reporter plasmids, and
luciferase activity was determined 72 h after. The results showed
that miR-582 overexpression significantly repressed the luciferase
activity derived from reporters of wild type but not mutated Rictor
and Hif1la 3’UTRs in HEK293T cells and pre-B cells (Fig. 5B and
Supplementary Fig. S6C, D). These results suggest that Rictor and
Hifla are targets of miR-582 in pre-B cells, and the direct
regulation of miR-582 on Rictor and Hifla is a tissue-specific
manner. During the early development of B cells, miR-582 may be
specifically participate in the regulation of pre-B cell proliferation,
providing sufficient cells for later development.

To further determine the effects of miR-582 on the expression
of Rictor and Hif1a, pre-B cells were infected with pre-miR-582 or
anti-miR-582 lentivirus, and the expression of Rictor and Hif1a was
determined. The results showed that overexpression of miR-582
significantly inhibited the mRNA expression of Rictor and Hif1aq,
while inhibition of miR-582 by anti-miR-582 increased their mRNA
levels (Fig. 5C). Western blotting and flow cytometry confirmed
that overexpression of miR-582 significantly inhibited the protein
expression of Rictor and Hif1a, while anti-miR-582 increased Rictor
and Hif1a protein expressions in pre-B cells in vitro (Fig. 5D, E). We
then examined the expression of Rictor and Hif1a in B cells of
different developmental stages from WT and miR-582 KO mice.
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The result showed that the mRNA expression of Rictor and Hif1a
increased significantly in pre-B cells from miR-582 KO mice
(Fig. 5F). Taken together, these results verified that miR-582
directly targets the 3'UTR of Rictor and Hifla to inhibit their
expressions in pre-B cells.

miR-582 attenuates pre-B cell proliferation and survival by
inhibiting Hif1a/Glut1 and mTORC2/AKT signaling pathways
Previous reports have shown that Hifla and mTORC2 promote
pre-B cell proliferation and survival by regulating metabolism
[13, 271. To further explore the mechanisms underlying miR-582 to
regulate pre-B cell proliferation and survival, we first examined the
effects of miR-582 overexpression or knockdown on the expres-
sion of Glut1, a Hifla downstream molecule. Thus, pre-B cells were
infected with pre-miR-582 or anti-miR-582 lentivirus for 72 h, and
the expression of Glut1l was examined at different levels. The
results showed that overexpression of miR-582 inhibited the
mMRNA and protein expression of Glut1, while interference of miR-
582 expression upregulated the mRNA and protein expression of
Glut1 (Fig. 6A-D). We then transfected pre-B cells with anti-miR-
582, and cultured cells in the presence of the Hifla inhibitor,
Echinomycin. The result showed that Echinomycin abrogated the
effects of miR-582 interference on promoting pre-B cell
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proliferation and survival (Fig. 6E). Consistently, anti-miR-582-
upregulated Glut1 expression was reversed by Echinomycin at
mRNA and protein levels (Fig. 6F-H), and glucose uptake and
acetyl-CoA content, which were increased upon anti-miR-582
transfection, also decreased (Fig. 61-K). These results suggest that
Hifla is required in miR-582 ablation-mediated pre-B cell
proliferation and survival.

Similarly, infection of pre-B cells with pre-miR-582 lentivirus
inhibited phosphorylation (p-AKT) while promoted FoxO1 phos-
phorylation (p-FoxO1); and interfering miR-582 with anti-miR-582
lentivirus exhibited opposite effects (Fig. 7A). A mTORC2 inhibitor,
JR-AB2-011, reversed the effects of anti-miR-582 on AKT and
FoxO1 phosphorylation (Fig. 7B), and abrogated increased pre-B
cell proliferation and survival upon anti-miR-582 lentivirus
infection (Fig. 7C). Altogether, these results suggest that miR-582
ablation leads to increased pre-B cell proliferation and survival via
Hif1a/Glut1 signaling and mTORC2/AKT signaling pathways
(Fig. 7D).

DISCUSSION
In this study, we report that miR-582 plays an important role in
early B cell development. We have found that miR-582 is essential
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for inhibiting excessive proliferation of pre-B cells during B cell
development in BM. We have also identified that the Hifla/
Glut1 signaling and mTORC2/AKT signaling, two metabolism-
related signaling pathways, are the downstream targets of miR-
582 involved in regulating proliferation and survival of pre-B cells.
These findings provide a new regulatory element to harness
normal B cell development in BM.

miRNAs regulates target gene expression by inhibiting mRNA
translation and/or decay [28]. Previous studies have shown that
miR-582 is involved in various biological processes. miR-582-5p
affect RUNX3 expression via competitively binding with SNHG5
and regulates osteogenic differentiation and apoptosis of BM
mesenchymal stem cells (MSCs) [29]. Recently, miR-582 has also
been found to participate in regulating several metabolism-
related genes, such as AKT3 and FOXCI, in different biological
process [30, 31]. The role and regulation mechanism of miR-582 in
tumor development has been well-studied [32, 33]. miR-582-5p
serves as an anti-oncogenic biomarker in intermediate risk acute
myeloid leukemia with normal cytogenetics and can inhibit
proliferation and induce apoptosis of leukemia cells [34]. Besides
leukemia, miR-582 has been shown to inhibit the development of
solid tumors, including non-small cell lung cancer [35], bladder
cancer [36], and human colorectal carcinoma [37], by targeting
different gene, such as Hippo-YAP, TTK, and Rab27a. These studies
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have shown that miR-582 plays a negative regulatory role in tumor
progression. Consistently, our study also reveals a negative
regulatory role of miR-582 on pre-B cell proliferation. These
findings suggest that miR-582 overexpression in tumor cells could
be a potential strategy for repressing tumor growth, but an
inhibiting effect on the development of early B cells should be
taken into account.

Pre-B cells are characterized by extensive cell proliferation, in
which metabolism plays an important role [10]. Previous studies
have shown that the glycolytic pathway in Hif1a-deficient B220"
bone marrow B cells is much less functionally effective than in
wild-type control B cells and the development of pre-B cells would
been inhibited [13], indicating that Hif1a plays a key role in the
glycolysis pathway of BM B cell precursors. In our study, we have
provided functional evidence that miR-582 negatively regulates
the Hif1a/Glut1 signaling and subsequently results in acetyl-CoA
production. Our study also suggests that miR-582 downregulates
Hif1a/Glut1 signaling at least via targeting Hif1a and functions as
a novel negative regulator of pre-B cell glucose metabolism, that
helps to fine-tune the early B cell development. Moreover,
previous researches have shown that when mTOR binds with
Rictor to form mTORC2, it phosphorylates specific substrates
including AKT, that promotes cell survival and proliferation [38]. It
is well known that activation of mTORC2 signaling results in
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Fig. 6 miR-582-mediated modulation of pre-B cell proliferation and survival is dependent on Hifla regulating Glut1l. A-D miR-582
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evaluated by CFSE labeling and Annexin V' and 7-AAD™, respectively, followed by flow cytometry, and quantitatively compared (n = 4).
F-H Pre-B cells were infected with anti-miR-582 lentivirus and cultured in the presence of Echin for 72 h. Glut1 expression was determined by
flow cytometry (F), qRT-PCR (G), and Western blotting (H) (n =4-6). I, J Pre-B cells were infected with anti-miR-582 lentivirus and cultured in
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phosphorylation and deactivation of FOXO by activating AKT
during regulation of cell proliferation and survival [39]. In our
study, we have provided functional evidence that miR-582
negatively regulates the mTORC2/AKT signaling pathway and
subsequently results in more p-FoxO1 in pre-B cells. Combining
previous researches and our results, it is clear that miR-582
downregulates mTORC2/AKT signaling at least via targeting Rictor
and functions as a novel negative regulator of pre-B cell
proliferation.

In conclusion, our study reported here has uncovered a
previously unknown role of miR-582 as a negative regulator of
pre-B cell proliferation and survival. Our findings provide novel
insights into how miR-582 inhibits the proliferation and survival

SPRINGER NATURE

of pre-B cells by directly targeting Rictor and Hif1a, which likely
further regulate metabolism to control pre-B cell expansion
during early B cell development. These studies are of
significance in understanding not only the regulation of early
B cell development, but also pre-B cell-associated human
malignancies.
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