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Persistent expression of microRNA-125a targets is required to induce
murine hematopoietic stem cell repopulating activity

Daniclle G. Luinenburg, Alexander Bak Dinitzen, Arthur Flohr Svendsen, Roza Cengiz,
Albertina Ausema, Ellen Weersing, Leonid Bystrykh, and Gerald de Haan

European Research Institute for the Biology of Ageing, University Medical Center Groningen, University of Groningen, Groningen,
The Netherlands

(Received 17 September 2020; revised 10 December 2020; accepted 11 December 2020)

MicroRNAs (miRs) are small noncoding RNAs that regulate gene expression posttranscrip-
tionally by binding to the 3’ untranslated regions of their target mRNAs. The evolutionarily
conserved microRNA-125a (miR-125a) is highly expressed in both murine and human hemato-
poietic stem cells (HSCs), and previous studies have found that miR-125 strongly enhances self-
renewal of HSCs and progenitors. In this study we explored whether temporary overexpres-
sion of miR-125a would be sufficient to permanently increase HSC self-renewal or, rather,
whether persistent overexpression of miR-125a is required. We used three complementary in
vivo approaches to reversibly enforce expression of miR-125a in murine HSCs. Additionally,
we interrogated the underlying molecular mechanisms responsible for the functional changes
that occur in HSCs on overexpression of miR-125a. Our data indicate that continuous expres-
sion of miR-125a is required to enhance HSC activity. Our molecular analysis confirms
changes in pathways that explain the characteristics of miR-125a overexpressing HSCs. More-
over, it provides several novel putative miR-125a targets, but also highlights the complex
molecular changes that collectively lead to enhanced HSC function. © 2020 ISEH - Society for
Hematology and Stem Cells. Published by Elsevier Inc. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/)

Hematopoietic stem cells (HSCs) are responsible for
the lifelong reconstitution of all mature blood cells. As
differentiation of these cells is nonreversible and termi-
nal, the balance between self-renewal and differentia-
tion of HSCs is tightly regulated to ensure proper
tissue function. Proper HSC function is regulated both
extrinsically by environmental factors that are secreted
by the supporting cells in the bone marrow known as
the stem cell niche and intrinsically by stem cell intrin-
sic programs. One of these cell intrinsic regulatory
components that control HSC function is microRNAs
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(miRs) [1,2]. These ~22-nucleotide-long noncoding
RNAs are integrated into RNA-induced silencing com-
plexes (RISCs) that mediate the interaction between
miRs and their target mRNAs. After this interaction,
the translation of mRNA into protein cannot be com-
pleted.

MicroRNA-125a is highly expressed in HSCs, and its
expression declines on differentiation into more mature
cell types further down the hematopoietic lineage [3].
MiR-125a is part of an evolutionarily conserved cluster,
which also encodes miR-99b and let-7e. The miR-125
family consists of three paralogs (125a, 125bl1, and 125b2)
and has an important function in the regulation of the out-
put and persistence of HSCs [1,4]. Mir-125b1 and mir-
125b2 do not differ in sequence but are encoded by two
separate loci. All three members of the miR-125 family
have similar effects on HSCs when overexpressed [5].
Because of the high evolutionary conservation, all mature
miR-125 family members are present in organisms ranging
from nematodes to mammals [6] and have the same seed
sequence in both mouse and human. We will refer to miR-
125 as including all three or any of those family isoforms.
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Collectively, studies from multiple laboratories have
convincingly demonstrated the unique ability of miR-
125 to regulate HSCs [1,3,5,7,8]. On ectopic overex-
pression of miR-125a, the self-renewal capacity of
HSCs is increased in both murine and human cells [8].
Remarkably, mir-125a is also able to confer on com-
mitted progenitors long-term repopulating ability,
which they normally lack [7]. Using cellular barcoding,
we recently found that mirl25a is able to extend the
longevity of HSC clones [8].

MiR-125 affects the activity of targets that need to
be repressed to ensure HSC self-renewal and engraft-
ment. However, remains unclear whether the continu-
ous activity of miR-125 is required or whether
temporary overexpression of miR-125 in HSCs is suffi-
cient to induce their long-term self-renewal. In this
study, therefore, we used a reversible expression sys-
tem (in three different setups) to assess to what extent
temporary activation of miR-125a is sufficient to
increase the potential of HSCs. We show that reversal
of miR-125a overexpression reverts HSCs back to their
normal state. Thus, continuous expression of miR-125a
is needed to induce self-renewing HSC activity. In
addition to functional assays, we have performed tran-
scriptome analysis of HSPCs in which miR-125a is
overexpressed. We identify molecular pathways that
explain the phenotype that is induced on miR-125a
overexpression and identify novel HSC-specific miR-
125a-associated gene expression changes.

Methods

Mice

Female C57BL/6.SJL (B6.SJL, CD45.1) donor mice were
bred at the Central Animal Facility of the University of Gro-
ningen. Female C57BL/6 (B6, CD45.2) recipient mice were
purchased from Envigo (Horst, The Netherlands) and housed
under clean conventional conditions. All animal experiments
were approved by the Groningen University Animal Care and
Use Committee.

Retroviral transduction

Cells were prestimulated for 24 hours in StemSpan (Stemcell
Technologies, Vancouver, BC, Canada) supplemented with
10% fetal calf serum (FCS), 1% penicillin—streptomycin, and
a cytokine mix: stem cell factor (SCF, 300 ng/mL), FIt3
ligand (1 ng/mL), and interleukin (IL)-11 (20 ng/mL). Viral
supernatant was produced by transfecting the Platinum-Eco
cell line with Fugene HD Transfection Reagent (Promega,
Madison, WI) according to the manufacturer’s protocol and
harvesting fresh virus 48 hours after transfection. Viral par-
ticles were bound to RetroNectin (Clontech, Kyoto, Japan)-
coated plates according to the manufacturer’s protocol. After
prestimulation, HSCs were harvested, added to the virus-
coated plates, and spun down at room temperature at 400g
for 45 min to promote binding of the cells to the virus-coated
plate.

Primary transplants

Donor cells were harvested from C57BL6/SJL (CD45.1) mice
and sorted by fluorescence-activated cell sorting (FACS) for
the LSK/SLAM (lineage™Scal™cKit"CD48~CD150") pheno-
type. Recipient mice (B6, CD45.2) were conditioned with a
lethal dose (9 Gy) of total-body irradiation. Transduced cells
were transplanted at different dosages in the presence of
2 million supporting cells from a cKit-deficient (W41) donor
by retro-orbital injection. Ciprofloxacin was added to the
drinking water of recipient mice for 10 days, starting 1 day
before irradiation. Donor engraftment was tracked by per-
forming retro-orbital peripheral blood sampling every 4
weeks. Erythrocytes were lysed with ammonium chloride-
based lysis buffer, and remaining white blood cells were
stained for CD45.1/2 and the markers Mac-1/Gr-1, B220 and
CD3. Both stem cell and peripheral blood staining protocols
are described in the Supplementary Data (online only, avail-
able at www.exphem.org).

Serial transplants

Donor cells were harvested from primary/secondary recipi-
ents from the miR-125a overexpression and control groups.
Total bone marrow was stained for the LSK/SLAM (linea-
ge~Scal*cKit*CD48~CD150%) markers for analysis; how-
ever, sorting was only performed based on the lineage and
Scal markers (Supplementary Figure El, online only, avail-
able at www.exphem.org). We have previously described
how cKit is a target of miR-125a, resulting in unreliable
expression of this stem cell marker in 125a-overexpressing
cells [8]. Sorted lineage™Scal*GFP* were transduced with
the self-inactivating Cre plasmid [9] according to the
described transduction protocol and either transplanted
directly into secondary recipients or subjected to in vitro
expansion. Separation of GFP* and mCherry™ stem cells took
place by sorting bone marrow from secondary recipients or
in vitro expansion (Supplementary Figure E2, online only,
available at www.exphem.org). GFP* and mCherry* cells
originating from the same bone marrow sample were trans-
planted in equal doses to ensure comparability.

Cre-loxP system

The MXW-pPGK- IRES-eGFP retroviral vector used for overex-
pression of miR-125a was constructed as previously described
[3,5]. The first LoxP sequence was inserted directly after the
pPGK promotor region using the Xhol and EcoRI restriction sites
(oligo sequences: [+] TCGAG ataacttcgtatagcatacattatacgaagt-
tatGTATGG, [—] AATTCCATACataacttcgtataatgtatgctatacgaagt-
tatC). The second LoxP sequence was inserted behind IRES-eGFP
using the Sall and Notl restriction sites (oligo sequences: [+]
GGCCGCataacttcgtatagcatacattatacgaagttatAGATAG, [—]
TCGACTATCT ataacttcgtataatgtatgctatacgaagttatGC). Finally,
the mCherry sequence was amplified from a donor vector (pLM-
CMV-R-Cre) with primers that included a STOP codon insertion,
and inserted behind the second LoxP site (forward: TAAG-
CAGTCGACatggtgagcaagggcgagga; reverse: tgcttaGTC-
GACTTA cttgtacagctcgtecatgeeg). This resulted in a plasmid that
contains the miR-125a genomic sequence linked to IRES-eGFP
flanked by two LoxP sites (floxed) followed by mCherry
(Figure 1A). The LoxP sites allow for Cre-recombinase—mediated
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Figure 1. Setup and kinetics of Cre-LoxP reversible miR expression system. (A) Schematic representation of the retroviral plasmid, both for
125a OE and for the empty vector control. (B) Overview of reversal of overexpression by Cre recombinase, resulting in a switch of fluorescent
proteins. (C) MiR-125a expression levels on overexpression and reversal in 32D cell line. (D) Kinetics of reversal. Change in expression
expressed as fraction of expression on day 0. Fluorescence measured by flow cytometry, and miR-125a levels measured by RT-qPCR.

excision and, thus, shutdown of miR-125a overexpression, while at
the same time switching the fluorescent tag from GFP to mCherry.
Cre-recombinase expression is established by transducing the tar-
get cells with a self-inactivating Cre expression plasmid [9]
according to the transduction protocol described above.

In vitro expansion of HSCs

Culture conditions described in Wilkinson et al. [10] were
adapted to suit the needs of this experiment. The culture
medium was Ham’s F12 (Gibco, Invitrogen, Waltham, M) sup-
plemented with 1% penicillin/streptomycin/glutamine (P/S/G),
10 mmol/L Hepes, 1 mg/mL polyvinyl alcohol (PVA), insulin
—transferrin—selenium—ethanolamine (ITSX), plus cytokines:
10 ng/mL. SCF and 100 ng/mL thrombopoietin (TPO). Cells
were kept in RetroNectin-coated six-well plates as described
for transduction. Cells were seeded at 0.5—1 x 10° cells/well,
and daily 90% medium changes were performed to eliminate
cell debris, metabolites, and inflammatory cytokines and
ensure constant culture conditions.

Cobblestone assays

The cobblestone area-forming cell (CAFC) assay was per-
formed as previously described [11—13]. In short, hematopoi-
etic cells were seeded onto a feeder layer (FBMD-1) in 96-
well plates in a limiting dilution fashion. Wells were scored
positive or negative for formation of cobblestone areas and
50% of the medium was refreshed weekly. Early emerging
colonies (days 7—14) were indicative of progenitor activity,
and late emerging colonies (day >35) were indicative of
activity of more quiescent stem cells. The Extreme Limiting
Dilution Analysis (ELDA) tool from the Walter+Eliza Hall
Institute of Medical Research [14] was used to estimate stem

cell frequencies and test differences between the experimen-
tal groups.

RNA sequencing

Freshly isolated bone marrow (BM) lineage™Scal*GFP" cells
were sorted as illustrated in Supplementary Figure E2. Two
thousand cells were directly sorted into polymerase chain reac-
tion (PCR) tubes containing 6 uL. NEBNext Cell Lysis Buffer
supplemented with RNase inhibitor buffer, immediately frozen
in dry ice, and stored at —80°C awaiting library prep. Library
prep was performed according to the NEBNext single cell/low
input RNA library prep kit for Illumina (New England Biol-
abs, Ipswich, MA) according to the manufacturer’s protocol.
Three control and three OE samples were pooled in equimolar
fashion and sequenced on an Illumina NextSeq500 platform.
De-multiplexed sequencing reads were subjected to quality
control and mapped to the murine genome (version M21) with
STAR aligner optimized for paired end reads of 50 bp. Differ-
ential expression analysis was performed using edgeR; in
brief, low read counts were removed, and normalization
method TMM was applied. One sample of each experimental
group was removed. Furthermore, the glmQLFit/glmLRT
model was used to fit the data. Differentially expressed genes
were selected with the topTags function, using Benjamini
—Hochberg adjustment and a significance threshold at p <
0.05. The data discussed in this publication have been depos-
ited in NCBI’s Gene Expression Omnibus [15] and are acces-
sible through GEO Series Accession No. GSE158126 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158126).

Results
We evaluated the effects of reversal of miR-125a over-
expression on the functioning of HSCs using three
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Figure 2. Continuous overexpression of miR-125a is necessary for the proliferative advantage phenotype. (A) Experimental setup. (B) Contribu-
tion of GFP* cells to the total white blood cell (WBC) population in bone marrow (BM) and spleen of mice transplanted with cells transduced
with an empty vector (EV) or with miR-125a overexpression (n=3 mice/group). (C) Contribution over time of CD45.1"GFP* and

CD45.1*mCherry* cells to the peripheral blood of secondary recipients.

different in vivo approaches. First, we performed com-
petitive transplantation studies in which miR-125a
—overexpressing cells were transplanted alongside
HSCs in which miR-125a overexpression was reversed
(Figure 1). In a second set of experiments, we per-
formed noncompetitive transplantations in which miR-
125a reversed cells were transplanted into recipients
without the competitive pressure of cells that still over-
expressed miR-125a (Figure 2). Finally, we expanded
HSCs in which miR-125a was overexpressed, then
deleted in vitro, and compared their engraftment activ-
ity noncompetitively (Figure 3).

Using Cre-LoxP recombination to reverse miR-125a
overexpression in hematopoietic cells

To investigate whether the potent effect of miR-125a
on HSCs requires its constitutive expression, we used
the Cre-LoxP system to generate a reversible overex-
pression system that allows tracking of cells in which
miR-125a expression is induced and simultaneously

labels cells in which miR-125a expression has been
reversed. To this end we generated a retroviral vector,
based on the vector previously used for 125a overex-
pression [5], and added LoxP palindromic sites and a
second fluorescent marker (Figure 1A). This allows for
Cre-recombinase—mediated reversal of miR expression
accompanied by switching of a stably integrated fluo-
rescent marker (Figure 1B). On miR-125a overexpres-
sion, cells are marked with green fluorescent protein
(GFP); at any desired time, these cells can be reverted
back to endogenous expression levels of miR-125a,
which then simultaneously marks these reverted cells
with mCherry (red fluorescent protein). The reversal of
miR-125a expression to endogenous levels is apparent
48 hours after Cre-recombinase activation and is
accompanied by expression of the red fluorescent pro-
tein mCherry (Figure 1C). FACS analysis indicates
that the switch of fluorescent labels from GFP to
mCherry requires 5 days to be fully completed
(Figure 1D).
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Figure 3. Reversed cells are still functional in noncompetitive transplant. (A) Experimental setup. (B) CD45.1*GFP" cells in peripheral blood of
primary recipients (n=6—8 mice/group). (C,D) WBC counts and donor contribution (CD45.1%) in peripheral blood of primary recipients (n=6
—8 mice/group). (E,F) Donor contribution of reversed cells to the peripheral blood in mice transplanted with EV control cells and miR-125a
OE cells in tertiary transplants (n=4—6 mice/group). (G) Estimated stem cell frequencies based on transplantation dose and engraftment of ter-
tiary recipients, calculated with ELDA tool [14]. Recipients were marked as positive if >1% of the donor contribution was present in total living
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Continuous overexpression of miR-125a is required to
evoke the proliferative advantage of HSCs

By use of this reversible expression system, competi-
tive serial transplants were performed to establish
whether continuous expression of miR-125a is required
to increase HSC potency (Figure 2A). Here we use the
term competition to indicate the interplay between the
two subpopulations in the donor pool: the miR-125a
—overexpressing GFP™ cells and the reversed mCherry*
cells. The transplantation protocol included a lethal
dose of irradiation and the use of W41 supporting cells,
which provide short-term radioprotection but no long-
term engraftment. First, donor cells were harvested
from B6.SJL (CD45.1) mice, and miR-125a overex-
pression was induced by viral transduction of the
reversible expression vector. HSCs were then trans-
planted into lethally irradiated B6 (CD45.2) recipients
and allowed to engraft for 14 weeks. After 14 weeks,
the bone marrow was harvested and, as expected,
strong engraftment of the miR-125a—overexpressing
cells was observed (Figure 2B). Reversal of miR-125a
expression was subsequently induced in vitro using
viral transduction of a self-inactivating Cre-recombi-
nase expression vector, and cells were immediately
transplanted competitively into secondary recipients.
The contribution of GFP* and mCherry* cells to the
peripheral blood was monitored at various intervals
(Figure 2C). In such a competitive setup, reversed cells
were outcompeted by miR-125a—overexpressing cells
in 2 weeks.

MiR-125a reversion does not negatively affect HSC
function

In the previous experiment, reversed and nonreversed
cells were in competition with each other. It is clear
that GFP* cells that still overexpress miR-125a out-
competed the reversed mCherry® cells. From that
experiment it was not clear whether mCherry* cells
were exhausted or whether these cells still possessed
HSC potential but were outcompeted by the highly
competent HSCs that were still overexpressing miR-
125a. Thus, in an alternative approach, HSCs in which
miR-125a overexpression was reverted were trans-
planted noncompetitively. This approach allowed
assessment of their function without the potent compe-
tition of miR-125a—overexpressing cells (Figure 3A).
Similar to the experiment described above and outlined
in Figure 2A, cells were harvested from CD45.1" donor

mice, transduced with the reversible expression vector,
and transplanted into lethally irradiated CD45.2* pri-
mary recipients. The contribution of GFP™ miR-125a
—overexpressing cells (Figure 3B), total white blood
cell counts (Figure 3C), and donor chimerism
(Figure 3D) was measured in peripheral blood. After
14 weeks, bone marrow of the primary recipient was
harvested, and reversal of miR-125a OE was induced
by Cre-recombinase expression. Unfractionated cells
were then immediately transplanted into a secondary
recipient to ensure proper maturation of the fluorescent
proteins. Bone marrow of the secondary recipients was
harvested after 2 weeks, and GFP* and mCherry* were
separated by FACS and noncompetitively transplanted
in limiting dilution into tertiary recipients. In the ter-
tiary recipients, the contribution to the peripheral blood
was measured by total donor engraftment (Figure 3E,
F), and stem cell frequencies were estimated based on
transplantation dose and engraftment. Stem cell fre-
quencies in both miR-125a—overexpressing and
reversed cells were approximately tenfold higher com-
pared with those in the empty vector control samples,
and there were no significant differences between the
miR-125a—overexpressing and  reversed  groups
(p=0.056) (Figure 3G). Progeny of miR-125a—overex-
pressing HSCs exhibited myeloid skewing, as reported
previously[5,7], which is also visible in the peripheral
blood of tertiary recipients at week 10 (Figure 3H) and
week 18 (Figure 3I) posttransplant. Interestingly, this
skewing of lineage distribution was persistent in the
reverted mCherry™ cells in the miR-125a group. These
experiments revealed that after reversal of miR-125a
overexpression, HSCs have a similar stem cell fre-
quency and are still able to engraft and contribute to
the peripheral blood.

Serial transplants induce significant proliferative
stress on the transplanted HSCs. As an alternative
approach to assess the effects of miR-125a reversibil-
ity, we eliminated secondary transplantations and
instead used a recently described 6-day in vitro expan-
sion protocol [10]. After in vitro culture, we again sep-
arated the GFP" cells from the mCherry® cells by
FACS and assessed HSC function by CAFC assay and
by transplantation (Figure 4A). After 6 days of in vitro
expansion, cells were analyzed for expression of line-
age and stem cell markers (Figure 4B,C). The cultured
cells remained lineage negative and had similar LSK
and LSK/SLAM phenotypes in the different experimen-
tal conditions. CAFC assays revealed that the miR-

cells of bone marrow. Data are expressed as 95% confidence interval of 1/(stem cell frequency). Pairwise differences tested by x° test: statisti-
cally significant difference between 125a-mCherry and EV-GFP/EV-mCherry (p values, respectively, 0.0009 and 0.0013). (H,I) Lineage distribu-
tion expressed as a percentage of CD45.1% donor cells in peripheral blood of secondary recipients at week 10 (H) and week 18 (I)
posttransplant. GM=granulocyte/macrophage (Grl/Macl); T=T cells (CD3); B=B cells (B220). Normalized to sum of lineage®* cells (Grl/Macl/

CD3/B220 positive) (n=2 or 3 mice/group).
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125a—overexpressing GFP™ cells maintained the high-
est frequency of late-appearing CAFCs. Within the EV
control groups, no difference was observed between the
GFP" and reversed mCherry® cells, as expected. At
week 2, the average numbers of CAFCs/10° cells for
EV-GFP, EV-mCherry, 125a-GFP, and 125a-mCherry
were 3.40, 1.46, 8.23, and 0.99, respectively. At week
5, the average numbers of CAFCs/10° cells for EV-
GFP, EV-mCherry, 125a-GFP, and 125a-mCherry were
42.4, 27.7, 130.6, and 21.3, respectively. Between the
two replicates of the miR-125a groups, an average
decrease in early-appearing progenitor colonies at week
2 (day 14) of approximately eightfold and an approxi-
mately sixfold decrease in late-appearing stem cell

colonies at week 5 (day 35) were observed on reversal
of miR-125a overexpression.

The various cell populations (HSCs that still overex-
press mirl25a, HSCs that expressed miR125a in pri-
mary recipients, and the empty vector control cells)
were all transplanted noncompetitively into secondary
recipients at different doses (Figure 5B). In these
experiments 125a-GFP+ cells outperformed control
cells, as well as 125a-mCherry cells that no longer
overexpressed miR-125a, as indicated by a higher con-
tribution of these cells to the peripheral blood of recip-
ients over time (Figure 5A). At week 12 there is a
clear difference in donor contribution to the peripheral
blood (Figure 5C). On sacrifice at week 22
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GM=granulocyte/macrophage (Gr1/Macl); T=T cells (CD3); B=B-cells (B220). Normalized to sum of lineage® cells (Gr1/Mac1/CD3/B220 posi-

tive; n=2—4 mice/group).

posttransplant, we measured engraftment in the bone
marrow and found high chimerism levels in mice trans-
planted with mir-125—overexpressing cells. This indi-
cates that HSCs that still overexpress miR-125a will
outperform reversed and empty vector control cells
(Figure 5D). In the bone marrow, the same lineage
skewing was visible as seen in the peripheral blood in
the previous experiment (Figure 3H,I). We observed
skewing toward the myeloid lineage in the progeny of
both miR-125a—overexpressing and reversed HSCs
(Figure 5E).

Identification of microRNA-125a—associated transcripts
by RNA sequencing

To provide insight into the molecular mechanisms by
which miR-125a exerts its function, we established the
transcriptome changes on expression of miR-125a using
RNA sequencing. For this purpose, 2000 lineage™S-
cal*GFP" 125a-overexpressing or EV control cells
were isolated from primary recipients 12 weeks after
transplantation. At this time, HSCs have had time to
recover from the transplantation procedure and return
to a steady state. Direct effects of miRs on their target

mRNA could result in both a decrease and an increase
in mRNA abundance. Potentially, a miR could also sta-
bilize mRNA abundance, in which case we would not
be able to identify these transcripts with this approach.
Differential expression analysis revealed 156 downre-
gulated and 237 upregulated genes. Comparison of dif-
ferentially expressed genes with predicted miR-125a
targets (compiled from four commonly used sources:
PicTar, TargetScan, miRanda, and miRDB) allowed us
to identify 12 predicted targets that were downregu-
lated on miR125a overexpression, but we also identi-
fied 19 predicted miR-125a targets that were
upregulated (Figure 6A,B).

Table | provides an overview of the 12 predicted
miR-125a target genes that were significantly repressed
in cells overexpressing miR-125a compared with empty
vector control cells. The functional role of many of
these putative miR-125a targets specifically in HSCs
remains to be determined. However, the 2 miR-125a
—predicted target genes that were most prominently
affected, glutaminase (Gls) and Ras-related protein
Rap-1A (Rapla), have previously been reported to
affect HSC function. Gls is a K-type mitochondrial
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glutaminase expressed by different transcript variants
mediated by alternate splicing. In HSCs, it has very
recently been found that the GLS protein is critical for
the control of HSC self-renewal and that isoform
switching of Gls is required for the activation of HSCs
[16]. Whereas increased GLS levels maintain HSCs in
a quiescent state, here we illustrate that miR-125a
decreases GLS transcripts, which coincides with
increased HSC proliferation.

Rapla is a partner of podocalyxin (Podxl) and can
be activated by erythropoietin (Epo) or IL-3. Rapla is
strongly activated when HSCs are challenged with
granulocyte colony-stimulating factor (G-CSF) and can
modulate cell migration and adhesion [17,18]. Previ-
ously, we established that miR-125a—overexpressing
HSCs respond more strongly to G-CSF compared with
control cells [8]. Other putative miR-125a targets that
have previously been linked to lineage commitment are

Table 1. miR-125a—predicted targets that are significantly downregulated in HSPCs on miR-125a overexpression

Gene* Log FC® p Value® Function HSC* Other function®

Gls —5.60 241 x 107 Required for activation [16] Glutamine metabolism [7]

Rapla —.98 538 x 1077 HSC maintenance [19] Cell adhesion, migration

Rab3d —4.71 0.000116 Unknown Intracellular vesicle transport [20]
Mfsd13a (TMEM180) —4.24 1.79 x 107° Unknown Transmembrane protein [21,22]
Faml17a —3.89 0.000416 Unknown C/EBP-induced protein

Adamts4 —3.75 0.000602 Unknown Arthritis [23]

Nsmce3 (MAGEG1) —3.38 0.000169 Unknown DNA repair [24]

Ncfl -3.30 1.89 x 1077 Unknown NADPH oxidase component [25]
Ctsd -3.01 486 x107° Lineage commitment [26] Lysosomal protease

Nfe2 —2.86 0.000459 Erythroid/megakaryocytic lineage [27] Transcription factor

Mapl1 —2.48 0.000538 Unknown Associates with mitotic spindles [28]
Gjb2 —-2.32 0.001171 Unknown Gap junction protein

“Gene name, alias in parentheses.

Fold change as determined by RNA sequencing.
p value as calculated in RNA sequencing.
dFunction in HSC or related to hematopoiesis.
°General function of protein.
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the peptidase cathepsin D (Ctsd) and transcription fac-
tor nuclear factor erythroid 2 (Nfe2). The remaining
transcripts that we identify as potential miR-125a tar-
gets in HSCs have no known function in the hemato-
poietic system.

Molecular signatures that are associated with miR-
125a—enhanced HSC potential

Beyond the potential identification of miR-125a targets,
we further explored the overall molecular pathways
that were affected by miR-125a overexpression.
Although these changes may be caused by both direct
and indirect effects of miR-125a, they will aid in better
understanding the phenotype that is observed in HSCs.
We used the Molecular Signatures Database [29], to
compare the 321 differentially expressed genes with
different molecular signatures. Using this tool, we
identified three molecular processes to be significantly
enriched in this group of genes (Figure 7). The most
strongly associated gene set contained transcripts
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Figure 7. Top three enriched genes using all differentially expressed
genes as input. The X indicates whether a differentially expressed gene is
present in one or more of the following sets: G2/M checkpoints [30—33]
(G2M, p=143 x 107'%), Myc targets [34—43] (MYC, p=1.66 x 107'1),
and E2F targets [44—52] (E2F, p=1.79 x 10°). y-Axis shows gene sym-
bols, and color codes indicate down- or upregulated genes in blue and red,
respectively. The size of each circle indicates the log FC.

involved in G2/M checkpoint control. This checkpoint
prevents a cell from entering mitosis in the case of
damaged DNA. Second, there was significant overlap
between the differentially expressed genes on miR-
125a overexpression and targets of c-Myc, a transcrip-
tion factor associated with metabolic changes and cell
proliferation [53]. Lastly, we identified overlap with
E2F targets that regulate cell cycle and DNA synthesis.
These three most strongly associated gene sets are all
involved in cell proliferation, which is in line with the
observed functional and phenotypical changes of miR-
125a—overexpressing HSCs.

Discussion

In this study, we showed how continuous overexpres-
sion of miR-125a is required for the potent induction
of HSC potential that is initiated by this miR, both in
vitro and in vivo. This is in contrast to other examples
of stem cell reprogramming, such as the induction of
pluripotency in adult cells using Yamanaka factors,
where a short expression leads to epigenetic changes
that permanently alter the fate of the cell [54,55]. Pre-
vious studies have associated long-term miR-125a
overexpression with leukemia development [3,7]. We
show that HSCs that have been temporarily exposed to
miR-125a overexpression do not have detrimental
effects associated with excessive proliferation, such as
HSC exhaustion and leukemic derailment, and still
function normally in serial transplantation experiments.
By temporarily overexpressing this miR, we show that
it is possible to evoke the beneficial enhanced self-
renewal capacity in HSPCs and at the same time pre-
vent leukemia onset associated with chronic miR-125a
overexpression.

To gain further molecular insight into the role of
miR-125a and how it so potently induces HSC self-
renewal, we established the transcriptome of cells in
which mir-125a was overexpressed. Our current effort
to identify potential miR-125a targets using RNA
sequencing complements various previous attempts to
identify genes that must be repressed for miR-125a to
exert its function in HSCs. These previous attempts
have used targeted analyses or unbiased microarray and
mass spectrometry approaches. For example, targeted
luciferase  assays have indicated that Bakl
(BCL2 antagonist/killer 1) is a miR-125a target [56].
Another previously used approach is to filter micro-
array data for predicted targets obtained from miR-tar-
get database TargetScan [3]. As the involvement of a
miR can alter protein expression of coding target
genes, there have also been attempts to detect differen-
tial protein abundance. Mass spectrometry has identi-
fied mitogen-activated protein kinase 14 (MAPKI14 or
p38) and protein tyrosine phosphatase nonreceptor type
1 (Ptpnl) [7]. We also previously identified suppressor
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of cytokine signaling 3 (Socs3) and signal transducer
and activator of transcription 3 (Stat3) and confirmed
their differential expression after mir-125a overexpres-
sion by quantitative PCR. We also showed that expres-
sion of c-Kit is repressed on HSPCs that overexpress
miR-125 [8]. Collectively, a total of six studies have
attempted to identify miR-125a targets in normal hema-
topoiesis, either by handpicking promising candidates
or using higher-throughput screening [3,4,7,8,57,58].
Although a direct comparison of the results of these
different studies is not straightforward because of the
use of different experimental setups and models, it is
remarkable that none of the various miR-125a targets
appears to be consistently affected in these studies or
in this current study, whereas there is a strong consen-
sus on the functional changes that occur in HSCs on
miR-125a expression. The fact that little overlap is
apparent if these various studies are compared suggests
that miR-125a exerts its activity by relatively subtle
repression of multiple targets.

We identified novel transcripts to be repressed on
miR-125a overexpression, including Gls, which has
recently been reported to be an important HSC regula-
tor [16]. We also showed how differentially expressed
RNAs, on miR-125a overexpression, only partially
overlap with predicted miR-125a targets. In addition,
we identified multiple predicted miR-125a targets that
are upregulated in HSCs and progenitor cells on over-
expression of miR-125a. As mentioned above, miR-
125a alters the expression of the cKit receptor, which
we use to isolate HSCs. When isolating cells for RNA
sequencing, this marker could not be used to purify
stem cells. Thus, we isolated a less primitive linea-
ge Scal™ population, which also contains a large por-
tion of progenitor cells. Therefore, the identified
differentially expressed transcripts can be affected in
both HSCs and progenitors or potentially only in one
of the two populations. On overexpression of miR-
125a, the functional changes, such as enhanced prolif-
eration, become immediately apparent. Our transcrip-
tional analysis used cells isolated 12 weeks after
initiation of the perturbation. Thus, the genetic pertur-
bation and resulting phenotypical changes that we
report are likely the result of a complex interplay of
both direct and indirect targets of the miR. Identifying
direct targets of miR-125a will require additional stud-
ies that can confirm direct interaction between miR and
mRNA sequence. Although it has proven to be chal-
lenging to identify critical miR-125a targets that are
responsible for the induction of HSC self-renewal, con-
tinuous efforts to identify these targets are warranted
to reveal the mechanisms underlying the observed phe-
notype. This will potentially allow us to harness our
findings to enhance functionality and expansion of
HSCs.
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Table S2. Overlap analysis gene sets

Overlap UP+DOWN Hallmarks (https://www.gsea-msigdb.org/) 28-07-2020
Overlap Results

Collection(s): H

# overlaps shown: 10

#genesets in collections: 50

#genes in comparison (n): 321

#genes in universe (N): 38404

Gene Set Name #Genes in Gene Set (K) Description #Genes in Overlap (k)  k/K p-value FDR g-value
HALLMARK_G2M_CHECKPOINT 200 Genes involved in the G2/M checkpoi 17 0.085 1.43E-12 7.17E-11
HALLMARK_MYC_TARGETS_V1 200 A subgroup of genes regulated by MY 16 0.08 1.66E-11 4.14E-10
HALLMARK_E2F_TARGETS 200 Genes encoding cell cycle related targ 14 0.07 1.79E-09 2.99E-08
HALLMARK_UV_RESPONSE_UP 158 Genes up-regulated in response to ul 10 0.0633 9.71E-07 1.12E-05
HALLMARK_OXIDATIVE_PHOSPHORY 200 Genes encoding proteins involved in 11 0.055 1.12E-06 1.12E-05
HALLMARK_MITOTIC_SPINDLE 199 Genes important for mitotic spindle & 10 0.0503 7.67E-06 4.46E-05
HALLMARK_GLYCOLYSIS 200 Genes encoding proteins involved in 10 0.05 8.02E-06 4.46E-05
HALLMARK_HYPOXIA 200 Genes up-regulated in response to lo 10 0.05 8.02E-06 4.46E-05
HALLMARK_MTORC1_SIGNALING 200 Genes up-regulated through activatic 10 0.05 8.02E-06 4.46E-05

HALLMARK_COMPLEMENT 200 Genes encoding components of the ¢ 9 0.045 5.19E-05 2.54E-04



https://doi.org/10.1016/j.exphem.2020.12.002

	Head1
	Methods
	Mice
	Retroviral transduction
	Primary transplants
	Serial transplants
	Cre-loxP system
	In vitro expansion of HSCs
	Cobblestone assays
	RNA sequencing

	Results
	Using Cre-LoxP recombination to reverse miR-125a overexpression in hematopoietic cells
	Continuous overexpression of miR-125a is required to evoke the proliferative advantage of HSCs
	MiR-125a reversion does not negatively affect HSC function
	Identification of microRNA-125a-associated transcripts by RNA sequencing
	Molecular signatures that are associated with miR-125a-enhanced HSC potential

	Discussion
	Conflict of interest disclosure
	Acknowledgments
	References
	Appendix. Supplementary materials



