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Abstract

We have previously described generation of mesenchymal stem cells (MSCs) from human
embryonic and induced pluripotent stem cells. One of the central questions in stem cell biology is
to understand how stem cells regulate the decision to self-renew vs. differentiate, at the molecular
level. In the current studies we used loss-of-function and gain-of-function analyses in primary
human MSCs to demonstrate that BMI1 is a critical regulator for self-renewal and multipotency
in this interesting cell type. Knockdown of BMI1 in MSCs reduced self-renewal by upregulation
of p16'NK4A and increased apoptosis. Knockdown of p16'NK4A partially rescued the self-renewal
defect in MSCs with loss of BMI1. Overexpressed BMI1 reduced apoptosis and increased cell
proliferation by repressing p16'NK4A, | oss of BMI1 resulted in deregulation of PPARy, an
adipogenic factor, and imprinted gene network (IGN), which blocks osteogenesis. Knockdown of
PPAR-y or IGN in BMI1 defect models restored osteogenesis. Overexpression of BMI1 repressed
transcripts of RUNX2 and PPARYy, in osteogenesis and adipogenesis, respectively, which lead

to decreased lineage specification potential in MSCs. These data show that BMI1 regulates cell
proliferation, apoptosis, and differentiation of human MSCs.
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INTRODUCTION

Mesenchymal stem cells (MSCs) have gained extraordinary attention due to their unique
characteristics and high potential in regenerative medicine. We have previously described
generation of MSCs from human embryonic and induced pluripotent stem cells [1, 2],

as well as from human bone marrow and adipose tissue [3-5]. MSCs are distinguished

by self-renewal and the potential to differentiate to multiple cell types of mesodermal
origin. Remarkable safety records for transplanted MSCs in pre-clinical and clinical trials
throughout the world make MSCs major players in regenerative medicine [6-15], and they
have been approved to be administered as drugs in several countries. Recent failures or
only partial successes in a handful of phase Il trials, however, raise controversy concerning
the efficacy of MSCs [16]. For this cell type, the understanding of basic cell biology lags
behind clinical application. To advance basic science studies and to render the therapeutic
potential of MSCs reliable and reproducible, underlying mechanisms such as self-renewal
and differentiation must be better understood. Important questions to answer are: how do
MSCs decide between self-renewal vs. differentiation into daughter cells, and what are

the core regulatory mechanisms to govern these decisions at the molecular level? Precise
regulation of gene expression is critical for the development and maintenance of tissues [17,
18]. Several layers of regulatory units participate in the control of gene expression via post-
transcriptional, translational, post-translational, and epigenetic control [19]. Understanding
important master switches that control cascades of regulatory events in pluripotent and
multipotent stem cells is therefore of utmost importance.

One of the central questions in stem cell biology is to understand how stem cells regulate
self-renewal [19]. To self-renew, stem cells must proliferate, repress the expression of
differentiation-related genes and reduce expression of genes related to apoptosis [19].
Recently, polycomb group (PcG) proteins have been associated with the regulation of several
types of adult stem cells. PcG proteins were first identified as body-patterning regulators to
repress Hox genes in Drosophila [20]. Since then, evidence indicates that PcG proteins act
as global epigenetic transcriptional repressors and key components of cell differentiation. In
mammals, two main complexes of PcG exist, and are called polycomb repressive complexes
(PRC) [19, 21, 22]. PRC1 (BMI1, RING1A, RING1B, CBX, PHC) has monoubiquitylation
activity, specifically acting on H2AK119, which is the histone marker associated with
repressive chromatin status. PRC2 (EZH2, EED, SUZ12) catalyze trimethylation on H3K27,
a well-known repressive marker. It is still ambiguous as to how PcG proteins repress specific
loci in the genome because PcG complexes have no known DNA binding activity. How these
complexes are silencing gene expression remains to be investigated.

BMI1, which is a polycomb ring finger oncogene [23] and a component of polycomb
repressive complexes (PRC), is known to repress Hox genes and cell cycle regulators. It
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contains RING finger domain in its N-terminal end, a central helix-turn-helix motif and

no known enzjmiatic activity. BMI1 regulates chromatin structures, cell cycle, genomic
imprinting, cell fate transition, homeostasis, and tumorigenesis [19] and is necessary for
self-renewal in hematopoietic (HSC) [24, 25], neural (NSC) [26, 27], lung (LSC) [28],
prostate stem cells (PSC) [29] and mouse MSCs [30], but its role in human bone marrow
(BM) MSCs remained to be illustrated. In the current studies, loss-of-function and gain-of-
function analyses in primary human MSCs demonstrated that BMI1 is critical for MSC
self-renewal and multipotency.

RESULTS AND DISCUSSION

Human adult BM-MSCs expressed BMI1 in the nucleus (supplementary Fig. 1a) and
were positive for CD73, CD90 and CD105 antigens and negative for CD14, CD34

and CD45 surface markers (see supplementary Fig. 1b). With induction of osteogenic
media for 14 days, MSCs became alizarin Red S positive (supplementary Fig. 1c) and
showed 17-fold higher expression of alkaline phosphate, an early osteogenesis marker,
than the undifferentiated MSCs (supplementary Fig. 1d). Quantitative real time-PCR (qRT-
PCR) analysis of osteoblasts revealed a 1.6-fold higher RUNX2, a master regulator of
osteogenesis [31], mMRNA level and 7.3-fold higher bone sialoprotein (BSP) mMRNA level
in the differentiated cells than in the control (supplementary Fig. 1e). Upon induction

of adipogenesis, Oil Red O staining, adipocyte marker, was positive (supplementary Fig.
1f) and almost 20% of the differentiated MSCs became positive for Nile Red Staining
(supplementary Fig. 1g). A 14-fold increase in PPARy, a master regulator of adipogenesis
[31], and a 3000-fold increase in Fatty acid binding protein 4 (FABP4) mRNA were
observed in the differentiated adipocytes (supplementary Fig. 1h).

To test our hypothesis that BMI1 regulates self-renewal of MSCs, we constructed lentiviral
vectors that contained shRNASs targeting BMI1 (shBMI1) or scrambled (SCRAMBLE)
under the control of human U6 pollll promoter along with the selection of puromycin

and BMI1 overexpressing vectors with coexpression of eGFP driven by the MND-U3
promoter (Fig. 1a) and its functions were examined by gRT-PCR (Fig. 1b) and western
blot (data not shown). Previous works have indicated derepression of p14ARF/p16!NK4A
locus upon loss of BMI1, which leads to self-renewal defects in various adult stem cells
such as HSC [24, 25], NSC [26], and LSC [28], p21C!P1 for NSC [27] or p57KIP2 for LSC
[28]. As expected, multiple cyclin-dependent kinase inhibitors (CDKIs) were derepressed
by knockdown of BMI1 in MSCs (Fig. 1c). Among the CDKIs, p16, p27, and p57 were
significantly upregulated.

Next, we tested whether upregulation of p16, p27 or p57 by loss of BMI1 affects cell
proliferation. By MTT assay (Fig. 1d), BMI1 overexpressing MSCs outgrew SCRAMBLE
MSCs from day 4 but shBMI1 samples showed defects in cell proliferation throughout the
experiments. Colony-forming unit-fibroblast (CFU-F) assay is one of well-known methods
for self-renewal in MSCs. shBMI1 samples had shown decreased colony formation as
compared to SCRAMBLE MSCs, but BMI1 overexpressing samples had increased numbers
of colonies (Fig. 1e). Interestingly, the size of colonies from BMI1-overexpressing samples
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was enlarged, which may represent outgrowth of MSCs by repression of cell cycle check
point or reduction of programmed cell death.

To test the hypothesis that BMI1 regulates apoptosis, Annexin V staining was performed
on the /in vitro cultures. shBMI1 populations slightly increased apoptosis over the culture
period, although differences were not statistically significant (Fig. 1f). Interestingly,
overexpression of BMI1 dramatically reduced apoptosis, which may explain the enlarged
colony formation in the CFU-F assay. These results suggest that knockdown of BMI1 may
reduce the self-renewal potential of MSCs.

We next determined the ftmctional roles of elevated CDKI expression on the self-renewal
defect in BMI1 knockdown MSCs. Compared to shBMI1 samples, knockdown of p16,

p27, or p57 in BMI1 defect MSCs significantly reduced their transcriptional expression
(supplementary Fig. 2a). Interestingly, ShRNA for p27 (shp27) or for p57 (shp57) showed
significant reduction of p15 and p16 mRNA levels in BMI1 knockdown MSCs. However
the expression of p21 was not changed upon introduction of ShRNAs against p16, p27 and
p57, which may contribute to reduced cell proliferation. Unexpectedly, shp16 shRNA alone
could rescue cell proliferation in the BMI1 knockdown MSCs. These data are in accordance
with observances made in HSC [24, 25] and fibroblast [32]. CFU-F assay, however, showed
different results in that shp16 in BMI1 knockdown MSCs could not rescue colony formation
and the result was not dependent on apoptosis. shp27 in BMI1 knockdown MSCs increased
apoptosis significantly over the duration of culture, which may explain even lower CFU-F
potentials in rescue experiments (supplementary Fig. 2c).

To test the hypothesis that simultaneous deregulation of CDKIs caused reduction of cell
growth in BMI1 knockdown MSCs, we examined combinations of CDKI shRNAs but none
rescued cell proliferation and CFU-F formation (data not shown).

Knockdown of p16 can rescue the cell growth defects partially in BMI1 knockdown MSCs,
suggesting that other factors exist in regulating cell proliferation. We hypothesized that
multiple genes deregulated by loss of BMI1 may contribute to the proliferation defect

in BMI1 knockdown MSCs. Among the candidates, expression of NOXA, which was
shown to rescue CD4 T cell survival in a BmiZ—/-model [33], and E4F1, which was a
Bmil-interacting partner and was reported to restore repopulating potential of Bmil—/-
HSCs [34], was investigated (supplementary Fig. 2a). Interestingly, in the current studies
gene expression of NOXA was reduced in shBMI1 MSC samples but upregulated in shp16
populations. E4F1 was highly elevated upon shBMI1 introduction but its expression was
independent on shp16, shp27, or shp57, in accordance with data seen in HSCs by by
Chagraoui et al. [34].

Recently, imprinted gene network (IGN) was shown to rescue self-renewal defects in a
Bmil-deficient mouse lung stem cell model [28]. In the current studies MRNA expression
of IGN network genes such as DLK1, GRB10, H19, IGF2, MEG3 (as also known as Gtl2),
MEST, NDN, PEGS, PLAGL1 and p57 in shBMI1 MSCs were transcriptionally upregulated
in BMI1 knockdown MSCs (supplementary Fig. 3a). Among IGN, GRB10, H19 and IGF2
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were 4.5-, 2.1-, 2.6-fold elevated, respectively, and other members of IGN were deregulated
in BMI1 knockdown MSCs.

Multiple sets of ShRNA expression vectors were used to examine other factors that could
regulate cell proliferation (Fig. 2a). After introduction of shBMI1, expressions of IGN, p16
and E4F1 were upregulated, and their corresponding targeting sShRNAs reduced transcription
of each. However, loss of IGN or E4F1 did not confer the restoration of cell growth defects
in shBMI1 samples (Fig. 2b). Interestingly, shp16 samples outgrew SCRAMBLE samples in
the cell proliferation assay from Day 6 onward. This phenomenon was confirmed by CFU-F
assay. The number of colonies formed for shBMI1 was higher than those obtained from
SCRAMBLE samples in BMI1 knockdown MSCs. MSCs transduced by vectors carrying
shRNAs for whole IGN or E4F1 grew slightly better and formed a slightly higher number

of colonies but the differences were not statistically significant. An apoptosis study showed
increased cell death in shIGNs samples, though again, these differences were not statistically
significant.

To test whether DNA damage may contribute to the cell growth defect in BMI1 knockdown
MSCs, hypoxia (5% O,), shown to reduce reactive oxygen species [35], and shRNA for
CHEK2, known to rescue phenotypes of BM/1-/-mice [35], were examined in cell growth,
CFU-F and apoptosis assays. Unfortunately, neither could rescue the growth defect in BMI1
knockdown MSCs (data not shown).

BMIL1 represses Hox gene expression, well-known regulators of differentiation in Drosophila
[19, 21] and BMI1-/-HSCs preferentially differentiate into B-cell lineage at the expense

of T lymphopoiesis due to derepressed Ebfl and Pax5, which are B-cell lineage regulators
[36]. In MSCs, however, BMI1-interacting genes involved in multipotency and lineage
specification remain elusive. The functional role of BMI1 in impacting the multipotency of
MSCs had only been examined at mouse MSCs [30] but not human MSCs. We tested the
functional roles of BMI1 during the differentiation into bone and fat. Alizarin Red S staining
for osteogenesis revealed that shBMI1 blocked osteogenesis (Fig. 3a). Alkaline phosphate
(ALP) activity, an early marker for osteogenesis, was reduced in shBMI1 populations (Fig.
3b). gRT-PCR of RUNX2, the master regulator of osteogenesis, osteocalcin (OCN) and BSP
showed a 3-fold, 11.6-fold and 8.3-fold upregulation of mRNA expression in knockdown

of BMI1 without osteogenic media induction, respectively (Fig. 3c), which may suggest
that RUNX2, OCN and BSP are targets of BMIL1. In osteogenic media, expression of OCN
and BSP were restored close to the levels in SCRAMBLE samples, but RUNX2 transcript
levels were reduced, which might be the reason why osteogenesis was decreased. In contrast
to derepressed RUNX2, which may lead to increased osteogenesis, in shBMI1 without
osteogenic induction, blocked osteogenesis as shown by reduced Alizarin Red S staining
and ALP levels may imply that different factors deregulated in BMI1 knockdown MSCs
undoubtedly exist. PPARy, a master regulator of adipogenesis, has been shown to prevent
osteogenesis [31]. Almost 6-fold upregulation of PPARy expression in shBMI1 samples
without differentiation induction was observed, which also suggests that PPARy is one of
the targets of BMI1. Its expression was maintained in osteogenic differentiation, which

may lead to the blocked osteogenesis that we observed in the BMI1 knockdown MSCs.

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2022 September 21.
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These results are consisted with mouse MSC data, which showed osteopenic phenotypes in
Bmil-null mice [30].

In adipogenesis, knockdown of BMI1 in MSCs caused a slight reduction in Oil Red O
staining (Fig. 3d) and it was confirmed by flow cytometric analysis of Nile Red staining
(16% in scramble vs. 9% in shBMI1, p<0.05. Fig. 3e). Without adipogenic induction,
mMRNA expression of PPARy and FABP4 were increased up to 5.7-fold and 3-fold in
shBMI1 samples as compared to the SCRAMBLE control, respectively and expression
remained elevated during adipogenesis (Fig. 3f). To test whether osteogenic factors are
involved in reduction of adipogenesis, gene expression of RUNX2, MSX2, which was
shown to diminish PPARy expression and adipogenesis [37], and MITR, which was also
reported to prevent PPARy expression and adipogenesis [38], were evaluated. 3.4-, 1.7- and
2.3-fold upregulation of RUNX2, MSX2 and MITR transcripts were observed in shBMI1
samples, respectively, and RUNX2, MSX2 and MITR levels were stabilized with adipogenic
differentiation.

To test the idea that PPARy or other factors deregulated from BMI1 knockdown

MSCs prevents osteogenesis, ShRNAs for PPAR~y (shPPARG) were applied to shBMI1
samples. Alizarin Red S staining showed that knockdown of PPARy rescued osteogenesis
(Fig. 39). Quantification of Alizarin Red S revealed that ShPPARG transduced samples
partially rescued osteogenesis in shBMI1 samples (Fig. 3h) and ALP assay confirmed

this phenomenon (Fig. 3i). 0.1 pM GW9662, a potent inhibitor of PPARy protein, in
osteogenesis of shBMI1 also showed upregulated Alizarin Red S staining and ALP (data not
shown). This result points out that knockdown of PPARy is sufficient to rescue osteogenesis
partially but deregulated PPARYy itself by loss of BMI1 is not responsible for preventing
osteogenesis. IGN has been known to be expressed in adult stem cells such as HSC,

skeletal muscle satellite cells, and epidermal stem cells, and to be downregulated postnatally
in response of differentiation [28, 39]. To test the hypothesis that adult stem cells share
common stemness factors to regulate self-renewal and multipotency, gene expression of
IGN in osteogenically [supplementary Fig. 3b) and adipogenically [supplementary Fig. 3c)
differentiated shBMI1 samples were assessed in comparison to SCRAMBLE. Interestingly,
MRNA expression of IGN in osteogenic shBMI1 samples still remained significantly
upregulated but its transcripts in adipogenic shBMI1 samples decreased significantly, which
implicates IGN as an osteogenic inhibitor. To answer this question, shIGNs were applied to
BMI1 knockdown MSCs. Alizarin Red S staining showed elevated calcium deposition (Fig.
3g) and its quantification confirmed that it had slightly lower expression than shPPARG

in BMI1 knockdown MSCs (P=0.04 against SCRAMBLE, n=4, Fig. 3h). On the contrary,
ALP assay showed significantly reduced expression in shiIGN samples along with shBMI1.
Gene expression analysis of these samples showed that shiIGN samples in BMI1 knockdown
MSCs were not able to repress PPAR-y transcripts, which may lead to a slight reduction of
osteogenic rescue as compared to ShPPARG.

To test whether BMI1 acts as a repressor of differentiation-related transcripts, the
differentiation potential of BMI1 overexpressing MSCs was investigated. Osteogenesis
in BMI1 overexpressing MSCs was reduced, as assessed by Alizarin Red S staining
(Fig. 4a) and was confirmed by ALP assay (4.5-fold reduction between SCRAMBLE

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2022 September 21.
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and overexpressed BMI1 samples, n=3, Fig. 4b). gRT-PCR showed a 24-fold reduction

in RUNX2 transcripts but expression of OCN and BSP in BMI1 overexpressing MSCs
were maintained as compared to SCRAMBLE without osteogenic induction (Fig. 4c) and
remained closed to undifferentiated states with osteogenic media. PPARy in osteogenesis
was also reduced with and without induction media, which indicates that PPARYy is not
responsible for reduction of osteogenesis. These results suggest that RUNX2 and PPARy are
targets of BMI1 by unknown mechanisms. Overexpression of BMI MSCs showed a decline
in Oil Red O positive cells (Fig. 4d) and Nile Red staining confirmed that BMI1 prevented
adipogenesis (Fig. 4e). PPARy and FABP4 transcripts were decreased when BMI1 was
overexpressed with no differentiation induction (Fig. 4f) but levels were upregulated with
adipogenic induction. RUNX2 in adipogenesis decreased 7-fold lower than SCRAMBLE
in the undifferentiated state but increased almost 5-fold compared to SCRAMBLE upon
the adipogenic media; its levels were still lower than SCRAMBLE without differentiation
induction.

In this study, our findings that loss of BMI1 reduces self-renewal capacity in MSCs
emphasize the conserved role of BMI1 across adult tissues. Tissue-specific stem cells

in a human use the same sets of genes but they are expressed differently in different
tissues and the expression changes over time. Epigenetic regulations are thought to be
critical in the control of the transcriptional circuitry in stem cells [19, 21, 22]. The balance
between self-renewal and differentiation is a crucial matter in stem cells, and accumulating
evidence indicates that polycomb group (PcG) proteins are one of the major players in the
transcriptional network of self-renewal in adult stem cells [19, 21, 22]. BMI1, which is a
component of polycomb repressive complexes (PRC) and known to repress Hox genes and
cell cycle regulators such as p16 or p19 [18-22], is known to be required for self-renewal
of HSCs [24, 25, 40], NSCs [26, 27], intestinal stem cells [27], prostate stem cells [29],
and lung stem cells [28]. Human adult BM-MSCs are shown to support hematopoiesis,
and can give rise to osteoblasts, adipocytes, chondrocytes, fibroblast, or muscle cells [4,
41, 42]. Although many transcription factors involved in the lineage specification of MSCs
have been identified, molecular mechanisms of self-renewal remain to be answered. In
human MSCs, tests of self-renewal are experimentally limited because there is no assay to
confirm self-renewal potential in vitro [43, 44] and repopulating study after transplantation
in a xenograft model is imperfect since human MSCs lack of homing capacity to the bone
marrow niche [16, 45]. Therefore assays such as those described in the current studies are
used, and a better understanding of regulatory processes at the stem cell level has been
needed for human MSCs.

To self-renew, stem cells must antedate cell cycle and move forward through mitosis

[19]. Simultaneously, one daughter cell must retain multipotency and cells should repair
DNA damage and prevent apoptosis [19]. In this study, we divided characteristics of self-
renewal as three aspects to; cell proliferation, apoptosis and repression of differentiation
and differentiation-related genes during cell proliferation. Our results highlight that BMI1
is important for MSC proliferation, is crucial for apoptosis, and represses the expression

in differentiation-related genes (Fig. 4g). Loss of BMI1 induces prevention of MSC
proliferation by derepressing p16/NK4A expression and increases cell death. Upregulated
p16 mRNA levels clearly indicate that cell cycle was inhibited at the G1/S phase checkpoint

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2022 September 21.
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(data not shown) and lead to reduction of cell proliferation [32] and knockdown of p16

was sufficient to restore cell proliferation in BMI1 knockdown MSCs. In contrast, BMI1
overexpression eases the outgrowth of MSCs by repressing CDKI transcripts and reducing
apoptosis. In this study, we also demonstrated that BMI1 poises between osteo- and
adipogenesis by regulating the expression of PPARy and IGN. Knockdown of BMI1 causes
premature activation of both lineage-specific genes and enhances adipogenic differentiation
in comparison to th6e osteogenic lineage even though both osteogenic and adipogenic
potential were reduced against scrambled MSCs. A similar role for BMI1 in differentiation
was observed in mouse HSCs [36], where loss of Bmil caused deregulated lineage-specific
genes and enhance B-cell lineage differentiation but not T-cell lineage. Among the
prematurely activated genes, PPAR~y, which suppresses osteogenic-related genes such as
homeobox protein DIx5, RUNX2 and Osterix [31, 46], and IGN are highly upregulated in
osteogenesis and knockdown of these genes were sufficient to rescue osteogenesis. IGN
was suggested as a shared regulatory mechanism in adult stem cells [39] and regulates
self-renewal of lung stem cells [28]. Even though knockdown of BMI1 elevates expression
of IGN, it was not sufficient to rescue cell proliferation upon the knockdown of IGN in
BMI1 knockdown MSCs. However, as a developmental regulator, IGN plays a major role in
the regulation of osteogenesis in BMI1 knockdown MSCs.

These observations taken together with cell proliferation and apoptosis support the
regulation of self-renewal of MSCs by BMI even though the downstream pathway of cell
proliferation in BMI1 knockdown MSCs is still unknown. Our results provide important
insights into how BMI1 regulates self-renewal of MSC via control of proliferation,
apoptosis, and how BMI1-mediated repression of differentiation-related genes is governed
during differentiation.

MATERIALS AND METHODS

Cell Culture and In Vitro Differentiation

Human bone marrow aspirates (purchased from Lonza] were passed through 90 pm

cell strainers for isolation of bone spicules and diluted with equal volume of phosphate-
buffered saline (PBS) and centrifuged over Ficoll (GE Healthcare) for 30 minutes at 700g.
Mononuclear cells and bone spicules were plated in plastic cell culture flasks with a-MEM
(Hyclone) supplemented with 10 % Fetal Bovine Serum (Hyclone). 2 days after initial
plating, nonadherent cells were removed.

Human adult bone marrow (BM) mesenchymal stem cells (MSCs) were maintained

as previously described [47]. Briefly, BM-MSCs were cultured in a-MEM (Hyclone)
supplemented with 10 % Fetal Bovine Serum (Hyclone), and 5000 units mI~1 penicillin/
streptomycin (Invitrogen). Media was changed every two days. /n vitro MSC differentiation
was tested as previously described [1]. Oil Red O (Electron Microscopy Sciences)

and Alizarin Red S (Ricca Chemical Company) were used for staining adipocytes and
osteoblasts, respectively. For the quantification of Alizarin Red S, 10 % acetic acid was
applied for 30 mins and supernatants were transferred into 1.5 ml tubes for 13,200 rpm
centrifugation for 10 mins. Samples were read by EMax Endpoint ELISA Microplate Reader
(Molecular Devices) with 405 nm wave-length. For the quantification of adipocyte positive

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2022 September 21.
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cells, Nile Red (MP biomedical) staining was used according to the manufacturer’s protocol.
Throughout the experiment, data was collected only from MSC batches that expanded to
passage 10 without premature senescence in the control arm. MSCs from a minimum of

3 donors were used for the experiments and numbers of donor MSCs used in experiments
were indicated as n in each figure. In each donor, at least duplicates of technical replicates
are used in experiments.

Plasmid Construction

Primer sequences used in cloning are listed in the supplementary Table 2. For shRNA
vectors, pLKO.1-shBMI1s were purchased from Open biosystems. Cyclin-dependent kinase
inhibitors, NOXA, E4F1, IGN and PPARYy targeting ShRNA primers were annealed and
cloned into pLKO.1-scramble [48] (Addgene plasmid 1864) between Agel and EcoRI and
were confirmed by sequencing. pLKO.1-scramble (SCRAMBLE) was used as a vector
control. For the overexpression of BMI1, mRNAs of BMI1 were isolated from BM-MSCs
and cloned into TOPO TA plasmid (Invitrogen) with Mfel overhang at the 5°- and 3’-ends to
create pCR2.1-BMI1 and were confirmed by sequencing. Mfel digested pCR2.1-BMI1 was
cloned into EcoRlI digested pCCLc-MND-PGK-eGFP (UC Davis stem cell program vector
core) and was confirmed the direction by sequencing (BMI1).

Generation of shRNAs and BMI1 Expressing MSCs

Lentiviral transductions were conducted as previously described [49]. Briefly, 2.5 x 107
HEK-293T cells in T-225 flasks (Corning) were transfected with 25 pg of lentiviral
vectors, 25 g of pCMV-dR8.91, and 5 pg of pMDG-VSV-G using TrasIT-293 transfection
reagent (Mirus) according to the manufacturer’s protocol. Three days after transfections,
supernatants were centrifuged with Centricon plus-70 (Millipore) for 35 minutes at 3500
rpm and collected and filtered through 0.45 um HV DURAPORE (Millipore), and viral titer
was measured and stored at —80°C. For shRNA or BMI1 overexpression, BM-MSCs were
transduced with lentiviral vectors (MOI 3). ShRNAs expressing MSCs were subsequently
selected by 5 ug mI~1 puromycin (Invivogen) for 2 days and the expression of BMI1 was
checked by western blot or gRT-PCR. Transduction efficiency of overexpressed BMIL1 in
MSCs was checked by FC500 flow cytometry (Beckman-Coulter).

Immunocytofluorescence Analysis

MSCs were fixed in 4% paraformaldehyde for 15 mins, permeabilized with BD Perm/Wash
buffer (BD) for 30 mins, and wash twice with PBS (Hyclone). Primary antibodies (listed

in supplementary Table 3) were applied for 1 hr at room temperature, and washed twice
with PBS, and secondary antibodies (see supplementary Table 3) were incubated for 1 hr at
room temperature. Hoechst 33342 (Invitrogen) was added for 10 min. Images were taken by
Nikon TiU microscope (Nikon).

Flow Cytometry Analysis

Antibodies used in flow cytometry experiments are listed in supplementary Table 3.
Adherent MSCs were lifted by Cell Stripper (Mediatech) and washed twice with PBS and
blocked with Staining buffer (BD). PE-conjugated antibodies were incubated in 1 hr at room

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2022 September 21.
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temperature and wash twice with PBS. Flow cytometric experiments were performed with
FC500. For the Nile red staining, 10 ug/ml of Nile red was incubated with adipocytes for 10
mins at the dark room, washed twice with PBS, and analyzed using an FC500.

Apoptosis Assay and Cell Proliferation Assay

Apoptosis assay was performed as previously described [50]. MTT assay (Roche) was
performed according to the manufacturer’s protocol. Briefly, 500 MSCs were plated onto
48-well plate (duplicates) with 300 pl MSC culture media. Media was changed every two
days. For the measurement of MTT, 30 ul MTT was incubated for 4 hours at 37°C and

then 300 pl stop solution was followed for one hour at 37°C. Supernatants were replated
into 96-well plate (triplicates) and 570 nm wave lengths were used to read the samples by
EMax Endpoint ELISA Microplate Reader. 650 nm wavelengths were used as a background
reference.

Colony-Forming Unit-Fibroblast (CFU-F)

CFU-F assay was performed according to the manufacturer’s protocol. Briefly, 150 cells
were plated onto 100 mm Petri Dishes (5 replicates) with 13 ml MSC culture media. 14 days
after incubation, colonies were stained with 0.5% crystal violet solution (Acros Organics)
for 30 mins and washed four times with PBS. Then, Petri dishes were rinsed with tap water
and dried. Stained colonies were counted based on the minimum of 50 cells.

Gene Expression Analysis

Total RNAs were isolated using RNA Stat-60 (Tel-test) according to the manufacturer’s
protocol. QuantiTect Reverse transcription kit (Qiagen) was used to synthesize cDNA and
QuantiTect SYBR Green PCR kit (Qiagen) was utilized to perform gRT-PCR on Applied
Biosystems 7300 Real Time PCR system with primer sets corresponding to Supplementary
Table 2. Samples were normalized by GAPDH.

Statistical Analysis

Data are shown as mean + standard error unless otherwise indicated. Student's t-test
(unpaired, two-tailed) was used to compare data within two groups, and the P-value was
calculated by Excel (Microsoft). A<0.05 was considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. (1). BMI1 expression regulates cell proliferation and apoptosisin human adult bone-marrow
mesenchymal stem cells

(a) Schematic diagram of shRNA targeting BMI1 expressing and BMI1 expressing
lentiviral vectors (b) mRNA expression of BMI1 isolated from MSCs 72 hours after the
transduction of specific ShRNAs targeting BMI1 lentivirus (shBMI1, P=2.3x10-5) or BMI1
overexpressing vectors (BMI1, £=0.0031). Expression was normalized to GAPDH and
shown as fold change relative to SCRAMBLE samples set to 1. pLKO.1-scramble was used
as vector control. n=4. (c) Derepression and hyper-repression of cyclin-dependent kinase
inhibitors by shBMI1 and overexpression of BMI1, respectively. Samples were collected
72 hours after transduction and applied to quantitative real-time polymerase chain reaction
(gRT-PCR), normalized as in (b). p16 (P=0.007), p27 (P=0.006), and p57 (~=0.05) was
upregulated upon shBMI1. p15 (P=0.025) was downregulated by BMI1 overexpression.
n=4. (d) MTT cell growth assay shows cell proliferation differences between shBMI1

and overexpression of BMI1. Cell growth is shown as fold change relative to day 0 of
SCRAMBLE samples set to 1. For the BMI1 overexpression, at day 4 (~£=0.039) outgrowth
was observed, day 6 (£=0.033), day 8 (P=0.009). For shBMI1, at day 8 (~P=0.002) cell
proliferation was reduced. n=3. (e) Colony-forming unit-fibroblast assay (minimum 50 cells
per colony) in knockdown of BMI1 showed reduced colony forming capacity (P=0.004)
but overexpression of BMI1 increase the number of colonies. n=3. (f) MSCs require BMI1
to avoid apoptosis. Annexin V+ cells increase over in vitro cultures at shBMI1 MSCs

but overexpression of BMI1 significantly reduces apoptosis. Date is matched to (e). n=3.
BMI1 at day 6 (P=0.029) and day 9 (P=0.036). *: /<0.05, **: £<0.01, ***: £<0.001, ****;
£<0.0005. Data shown as mean + SEM.

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2022 September 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jung and Nolta

1000
a

Fold Change

1.8

Cell Growth
B

-
L8]

100

0.1

08 -

I

ITIT

Page 15

®SCRAMBLE
T ushBMI1
ik ®shBMI1+shRNA for matemal IGN
mshBMI1+shRNA for paternal IGN
ushBMI1+shIGN
shBMI1+shp16 T
T T =shBMI1+shE4F1

* T i
T T E
& 3

ps

\

bl

DLK1 GRB10  H19 IGF2 MEG3 MEST NDN PEG3 PLAGL1

&
il
‘
.
i
i
.
‘
.
it

cC 4
e SCRAMBLE _
et SHBMI T ) 3
st SHBMI 14ShRNA for matemal IGN w
s SHBMI 1+ShRNA for patemal IGN 3' 2
e SHBMI 14ShIGN e
ShBMI1+shp16 (E]
s SHBMI 1 +ShE4F 1 1
shBMI1+shIGN+shp16+shE4F 1
d 0 s uly
14
)
ek
s 9
£
3
& e 4
c
Day0 Day2 Day4 Day6 Day8 Day10 <
SCRAMBLE -1 + i - > s > :
shBMI1 - + + + + + +
shRNA for matemal IGN S - + . + = -
ShRNA for patemal IGN - . - + + " .
shp16 - - - - - + -
- B - - - - +

shE4F1

Fig. (2). shRNAsfor p16 partially rescuesthe proliferative defect of BM 11 knockdown M SCs.
(a) mMRNA expression of sShRNAs for Imprinted Gene Network (IGN), p16 cell-cycle

dependent kinases inhibitors and E4F1 in shBMI1 MSCs. Samples were isolated 72 hours
including 48 hours of 5 pg/ml puromycin selection after transduction of lentiviral vectors
and determined by gRT-PCR, normalized as in Fig 1b. pLKO.1-scramble was used as a
vector control (SCRAMBLE). shBMI1; shRNAs for BMI1. shRNA for maternal IGN; p57,
GRB10, MEG3 and H19. shRNA for paternal IGN, DLK1, IGF2, MEST, NDN, PEG3 and
PLAGLL. shp16; shRNA for p16. shE4F1; shRNA for E4F1. n=3. (b) MTT cell growth
assay shows cell proliferation defect in BMI1 knockdown MSCs were rescued by p16
knockdown. Normalization as in Fig le. P-values were calculated based on shBMI1 (see
supplementary Table 2). n=3. (c) Colony-forming unit-fibroblast assay following knockdown
of IGN, p16 and E4F1 shows p16 knockdown overcome growth defect by shBMI1. n=3.
(d) Increased apoptosis on shBMI1 MSCs was observed. n=3. *: A0.05, **: £<0.01, ***:
F£<0.001, ****: P<0.0005. Data shown as mean + SEM. See also supplementary Fig. (2).
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Fig. (3). Derepression of developmental regulator network via BM11 knockdown decreases
osteogenic and adipogenic differentiation

(a-c) Osteogenesis in shBMI1 MSCs was tested. Control; no osteogenic induction, Osteo;
osteogenic induction (a) Images from Alizarin Red S staining for osteoblasts. MSCs were
cultured with osteogenic media for 14 days. (b) Alkaline phosphate activity (normalized

by whole protein concentration) in shBMI1 was reduced (P=0.01), n=6. (c) mRNA levels
of RUNX2, OCN and BSP in osteogenic differentiation, normalized as in Fig 1c, were
reduced upon shBMI1 and derepression of RUNX2, PPARy and OCN was observed without
an osteogenic induction. n=3. PPARy mRNA levels, well-known osteogenic inhibitor, were
upregulated with and without osteogenic induction. (d-f) Adipogenesis in shBMI1 was
evaluated 14 days after the treatment of adipogenic cocktails. Adipo; adipogenic induction
(d) Images from Oil Red O staining for adipogenesis. (€) Nile Red+ cells by flow cytometry
showed slight reductions in shBMI1 (P=0.049). n=4. (f) mRNA expressions of PPARy

and FABP4, normalized as in Fig 1b, shows that derepression of these transcripts were
observed without adipogenic inductions. Gene expression of RUNX2, MSX2 and MITR ,
well-known osteogenic-related factors for blocking adipogenesis were evaluated. n=3. (g-j)
PPAR<y and IGN were necessary to rescue osteogenesis in shBMI1 MSCs (g) Images

from Alizarin Red S staining for osteoblasts. Vector transduced MSCs were cultured

with osteogenic media for 14 days. (h) Alizarin Red S was measured by acetic acid
precipitation, normalized by whole protein concentration. P-value was calculated based

on SCRAMBLE. shBMI1 (P=0.004), shBMI1+shIGN (P=0.04). AU; arbitrary unit. n=4.
(i) Alkaline phosphate activity, normalized by whole protein concentration. p-value was
calculated based on SCRAMBLE. shBMI1 (P=0.007), shBMI1+shIGN (P=0.0008). n=4.
(1) MRNA levels of RUNX2, OCN and BSP in osteogenic differentiation, normalized

to scramble osteogenic induction as 1, were shown. PPARy mRNA levels, well-known
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osteogenic inhibitor, were upregulated upon shBMI1 and slight reduction in shiIGN samples
against shBMI1 alone. IGN transcripts were evaluated. n=4. *: P<0.05, **: P<0.01, ***:
P<0.001, ****: P<0.0005 Data shown as mean = SEM.
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Fig. (4). Hyper-repression of developmental regulator network via overexpression of BM11
decreases osteogenic and adipogenic differentiation

(a-c) Osteogenesis in BMI1 overexpressing MSCs was tested. Control; no osteogenic
induction, Osteo; osteogenic induction. (a) Images from Alizarin Red S staining for
osteogenesis. (b) Alkaline phosphate activity, normalized as in Fig. (3b), in BMI1
overexpressing MSCs was reduced (P=0.27), n=3. (c) Gene expression of RUNX2 (~=0.09)
in osteogenesis, normalized as in Fig. (1c), was repressed upon overexpressed BMI1
samples without osteogenic induction. mMRNA expression of PPARy (£=0.017) was reduced
by BMI1 overexpression with an osteogenic induction. (d-f) Adipogenesis in BMI1
overexpressing samples was evaluated 14 days after adipogenic induction (d) Images from
Oil Red O staining for adipogenesis. (€) Nile Red+ cells by flow cytometry showed

slight reductions in BMI1 overexpressing samples (£=0.011). n=4. (f) mRNA expression

of PPAR+y and FABP4, normalized as in Fig. (1b), shows that derepression of these
transcripts were observed without adipogenic inductions. Gene expression of RUNX2

was shown. n=3. (g) A schematic depicting the model for self-renewal by BMI1. BMI1
represses cyclin-dependent kinase inhibitors to promote G1 to S phase cell cycle entry,
which leads to cell proliferation. In addition, BMI1 regulates programmed cell death. For
the regulation of differentiation into bone or fat, BMI1 represses RUNX2 and PPARYy
transcripts, respectively. IGN, which was shown to prevent osteogenesis, was regulated by
BMIL. *: A<0.05, **: A<0.01, ***: £<0.001, ****: P<0.0005 Data shown as mean + SEM.

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2022 September 21.



	Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	MATERIALS AND METHODS
	Cell Culture and In Vitro Differentiation
	Plasmid Construction
	Generation of shRNAs and BMI1 Expressing MSCs
	Immunocytofluorescence Analysis
	Flow Cytometry Analysis
	Apoptosis Assay and Cell Proliferation Assay
	Colony-Forming Unit-Fibroblast (CFU-F)
	Gene Expression Analysis
	Statistical Analysis

	References
	Fig. (1).
	Fig. (2).
	Fig. (3).
	Fig. (4).



