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NF-kB-miR15a-bFGF/VEGFA axis contributes to the impaired
angiogenic capacity of BM-MSCs in high fat diet-fed mice
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Abstract. Potent paracrine properties, such as secretion of
angiogenic cytokines and growth factors, have been considered
essential for the function of mesenchymal stem cells (MSCs)
in tissue regeneration and repair. The present study determined
that bone marrow-derived mesenchymal stem cells from mice
fed a high fat diet (HFD) had reduced pro-angiogenic capacity,
as evident from the reduced expression of vascular endothelial
growth factor A (VEGFA) and basic fibroblast growth factor
(bFGF); therefore, a reduced number of branches was induced
in the angiogenesis assay. Additionally, the present study
determined that miR-15a, a putative microRNA targeting both
VEGFA and bFGF, may simultaneously downregulate bFGF
and VEGFA expression levels through the 3'-untranslated
region. Inhibition of miR-15a using an antagonist restored the
expression of VEGFA and bFGF under fatty acid treatment
and thus the angiogenic capacity. Furthermore, the HFD and
fatty acids treatments transcriptionally activated the expression
of miR-15a via nuclear factor-kB. In conclusion, the findings
of the present study revealed that inhibition of miR-15a may
restore the therapeutic efficacy of mesenchymal stem cells in
patients suffering from obesity.

Introduction

Bone marrow mesenchymal stem cells (BM-MSCs) are readily
isolated multipotent cells that are easily expanded and effi-
ciently induced to differentiate into osteoblast, chondrocytes
or adipocytes (1-3). Bone marrow-derived MSCs, have been
widely used as therapeutic agents in order to replace or repair
injured tissues (1-3). In addition to their direct cell differentiation
capacities, the therapeutic effects of MSCs are also attributed
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to their paracrine capacity, particularly the ability to induce
angiogenesis induction, under the tissue repair and regeneration
conditions (4-6). Previous epidemiological and rodent studies
associated obesity with deficient wound healing and insufficient
angiogenesis (7-10), it remains to be determined how MSCs
adaptation to pro-obesity diets alters the angiogenic potential
of these cells to promote wound healing and tissue regeneration.

Angiogenesis, which is the formation of new blood vessels
from existing capillaries, is essential for tissue repair and
regeneration. Mechanistically, angiogenesis is a fine-tuned
process which is regulated by various growth factors, including
basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor A (VEGFA). bFGF and VEGFA are two of
the most well-studied factors regulating angiogenesis (11,12).
Increased bFGF and VEGEF levels may induce cell proliferation
and migration in endothelial cells via activation the respective
receptors on the cell surface (13,14). Coordinated regulation of
bFGF and VEGFA expression is required for the angiogenic
capacity of MSCs.

Recently, microRNAs (miRNAs), which are ~22-nucleotide
long, non-coding small RNAs, were identified as the critical
regulators of angiogenesis (15,16). These angiogenesis-asso-
ciated miRNAs act via either cleavage or post-transcriptional
silencing of target mRNAs. For example, miR-503 may
simultaneously target VEGFA and bFGF in the cancer (17).
However, the miRNAs regulating angiogenesis factors remain
to be fully elucidated, and there should be still some other
angiogenic microRNAs to be identified.

The present study determined that BM-MSCs from the
high fat diet (HFD) fed mice displayed reduced angiogenic
capacity, together with reduced protein expression levels of
VEGFA and bFGF. Meanwhile, the present study determined
that HFD may transcriptionally activate miR-15a via nuclear
factor kB (NF-«kB) and induce miR-15a in turn simultaneously
reduces the expression of VEGFA and bFGF. The current
study established that the NF-kB-miR15a-VEGFA/bFGF axis
may contribute to the deficient angiogenic capacity in MSCs
from obese patients and inhibition of miR-15a may restore the
therapeutic efficacy of mesenchymal stem cells.

Materials and methods

Mice and HFD treatment. A total of 20 male C57BI1/6 mice
(~20 g; supplied by Animal Center of Sichuan University,
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Chengdu, China) were housed in the Unit for Laboratory
Animal Medicine in Sichuan University. Mice were allowed
free access to food and water and were kept at 22°C on a
12-h light/dark cycle under specific pathogen-free condi-
tions. Long-term HFD was achieved by feeding male mice a
dietary chow consisting of 60% kcal fat beginning at the age
of 8-12 weeks and extending for a period of 6 months. Control
mice were age-matched and fed standard chow ad libitum.
The study was approved by the Ethics Committee of West
China School of Stomatology, Sichuan University (Chengdu,
China).

Cell isolation and culture. Cell isolation and culture were
performed as previously described (18). Briefly, animals
were sacrificed by intraperitoneal injection of a lethal dose
of pentobarbital (West Tang Biotechnology, Inc., Shanghai,
China; 100 mg/kg body weight). Tibias and femurs were
harvested immediately following the animal euthanasia.
Bone marrow cells were harvested by flushing cavities of tibia
and femur bones with Dulbecco's modified Eagle's medium
(DMEM)/F12 (Sigma-Aldrich Shanghai Trading Co., Ltd.,
Shanghai, China). Cells were centrifuged at 800 x g for 5 min
at 4°C, re-suspended in complete medium [DMEM/F12
with 10% fetal bovine serum, Sigma-Aldrich; and peni-
cillin/streptomycin, (Invitrogen, Thermo Fisher Scientific,
Inc., Waltham, MA, USA)| and seeded at 30% confluence into
a cell culture flask. Cells were cultured in at 37°C in 5% CO,
for 72 h and non-adherent cells were removed. Cells were
passaged with 0.25% trypsin/EDTA (Invitrogen, Thermo
Fisher Scientific, Inc.) when reaching 90% confluence. For
the treatment of palmitic acid (PA, P0500; Sigma-Aldrich
Shanghai Trading Co., Ltd.), PA was dissolved in 1% BSA
(V900933; Sigma-Aldrich Shanghai Trading Co., Ltd.) and
cells were treated with either BSA or 0.5 mmol/I of PA.

Transfection of miRNA mimics and antagonists. Transfection
of miRNAs was performed as previously described (17).
Briefly, miR-15a-5p mimics (sense: 5'-UAGCAGCACAUA
AUGGUUUGUGATAT-3"; antisense: 5'-CACAAACCAUUA
UGUGCUGCUAJdTAT-3"), inhibitors (antago-miR-15, with
the single strand: 5-CACAAACCAUUAUGUGCUGCU
A-3") or the corresponding negative controls (NC) were
synthesized in GenePharma Co. Ltd. (Shanghai, China). The
cells were transfected with the aforementioned antagonists
at final concentrations of 100 nM with Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) as instructed by
the manufacturer's protocol.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted with TRIzol (Invitrogen;
Thermo Fisher Scientific, Inc.) according to manufac-
turer's protocol and the reverse transcription of miRNAs was
performed using a miRNA RT reagent kit (Tiangen Biotech.,
Co., Ltd., Beijing, China). The RT reaction was run under 37°C
for 30 min, followed by inactivation at 85°C. Expression of
target nRNA VEGFA, bFGF and miR-15a levels were quanti-
fied using qPCR with the SYBR (TakaRa, Dalian, Liaoning,
China) method. The cycling conditions were as follows: 95°C
for 10 mins, 95°C for 15 sec, 60°C for 30 sec and 72°C for
40 sec (40 cycles) and 95°C for 60 sec, followed by dissociation
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curve analysis. Relative expression of target mRNA or miRNA
were normalized to f-actin and U6 levels respectively. Primers
used in the present study were as follows: VEGFA, forward
(F) 5'-GCTTCCTACAGCACAGCAGA-3" and reverse (R)
5-AATGCTTTCTCCGCTCTGAA-3"; bFGF, F 5-GATGGA
CGGCTGCTGGCTTCT-3' and R 5"TGCCCAGTTCGTTTC
AGTGCC-3'; B-actin F 5“TTCTTTGCAGCTCCTTCGTT-3'
and R 5-ATGGAGGGGAATACAGCCC-3'. Primers for
miR-15a and U6 were purchased from Tiangen Biotech., Co.,
Ltd. All the experiments were done at least three times. The
2-4%¢4 method was used for quantification as described (19).

Bioinformatic analysis of miR-15a promoter. The promoter
sequences of miR15a among different species using the web
based ECR software were analyzed as instructed (20). Briefly,
the gene name was inserted in the search box before entering the
run key. The sequence conservation was shown by the bars with
different colors indicating the promoter, exon, and intron respec-
tively. The promoter region was selected. To further analyze
the putative transcription factor binding sites in miR-15a, the
2,000 bp region of the Dleu2 promoter (in which miR-15a
harbors) was further analyzed using JASPAR as instructed by
the online prediction tool (21). All the putative p65 binding sites
were thus selected for further biological study.

Chromatin immunoprecipitation (ChIP) analysis. ChIP was
performed using an anti-p65 antibody (mAb 8242; 1:200;
Cell Signaling Technology, Danvers, MA, USA) as previously
described (22). Following ChIP, the DNA precipitated by the
antibody was detected with qPCR. The PCR primer pairs for
the miR-15a regulatory region were as follows: Primer set 1:
5'-CCAGAGACGGAGGGAGGTAG-3' and 5-CCGCACTCT
GACCACTCGAC-3'; Primer set 2: 5'“~AAGCCCCTCACA
GTAGGTAG-3" and 5-AAGTTAGCTACCAGATCACT-3',
which amplify the regions around the two NF-kB binding
sites of deleted in lymphocytic leukemia 2 (Dleu2), whose
intron harbors pre-miR-15a. The enrichment of p65 on miR15
upstream regulatory region was further calculated.

ELISA analysis of bFGF and VEGFA. The conditioned culture
media from cells with the indicated treatments were collected
for measuring secreted VEGFA and bFGF via ELISA. Briefly,
the conditioned medium from MSCs (1 ml from each well) was
harvested and centrifuged at ~6,000 x g for 15 min to exclude
dead cells and debris. The supernatants were analyzed for the
levels of secreted VEGF and bFGF protein using Quantikine
VEGF (R&D; MM VO00; Bio-Techne China Co. Ltd., Shanghai,
China) and bFGF ELISA kits (R&D; MFBO0O; Bio-Techne
China Co. Ltd.) according to the manufacturer's protocol.

Angiogenesis assay. Angiogenesis assay was performed as
previously described (18). Briefly, 24-well plates were coated
with Matrigel Matrix Grow Factor Reduced (BD Biosciences,
Franklin Lakes, NJ, USA) (100 ml/well) and incubated at room
temperature for 30 min. Human umbilical vein endothelial cells
were seeded on the plates and cultured with the conditioned
medium from control, HFD fed mice-derived MSCs or cells
with either control, indicated miRNA mimic or antagonist at
a ratio of 50:50 with the fresh DMEM medium. Angiogenesis
was analyzed under a light microscope (Nikon Corporation,
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Tokyo, Japan) at x20 magnification by calculating the branch
number and length.

Luciferase reporter plasmids and dual luciferase reporter
assay. The full length of the 3'-UTRs of VEGFA and part of
the bFGF 3'UTR (covering the region of miR-15a recognition
site) were synthesized and cloned into the pGL3-control vector
(Promega Corporation, Madison, WI, USA) through the Xbal
cloning site, where the 3'UTR fragment was inserted down-
stream of the firefly luciferase coding region. The sequencing
(AUGCT sequencing company, Beijing, China) confirmed
correct constructs were referred to as pMIR-bFGF-3'UTR
and pMIR-VEGFA-3'UTR respectively. For the luciferase
reporter assay, HEK293 cells (CRL-1573™; American Type
Culture Collection, Manassas, VA, USA) were cultured in
24-well plates in DMEM at 37°C and under 5% CO,, and
transfected with 200 ng of either pMIR-bFGF-3'-UTR or
pMIR-VEGFA-3'-UTR in combination with 100 nM of miR-15a
or non-target miRNA mimics, along with 10 ng of pRL-TK
vector containing Renilla luciferase (Promega Corporation)
using Lipofectamine 2000 according to the manufacturer's the
protocol. Cells were lysed with a passive lysis buffer (Promega
Corporation) 48 h after the transfection and used for luciferase
assays. Firefly and Renilla luciferase activities were quanti-
fied with Dual-Luciferase Reporter Assay System (Promega
Corporation) and relative luciferase activity was calculated.
Each experiment was performed in triplicate and repeated at
least three times.

Subcellular fraction and western blotting. Mesenchymal
stem cells were harvested for immunoblotting. For extrac-
tion of cytoplasmic and nuclear fraction, control or HFD
fed mice-derived MSCs were sequentially incubated with
cytoplasmic and nuclear extraction buffers (78833; NE-PER
Nuclear and Cytoplasmic Extraction Reagents; Thermo Fisher
Scientific, Inc.), and fractions containing cytosolic and nucleic
proteins were collected at each step. Immunoblotting analysis
was performed on cytosolic and nucleic fractions as previ-
ously described (18). Briefly, the protein concentration was
quantified using BCA assay (Pierce BCA Protein Assay Kkit;
23225; Thermo Fisher Scientific, Inc.). Next, 20 pg subcellular
fraction or 60 pug total cell extract of the cell lysates were
separated by 12% SDS-PAGE and transferred to nitrocellu-
lose membranes. The membrane was blocked with 5% BSA
(V900933; Sigma-Aldrich Shanghai Trading Co., Ltd.) before
immunoblotting with specific antibodies against p65 (8242;
1:1,000; Cell Signaling Technology), Lamin B (ab16048;
1:1,000; Abcam), GAPDH (ab9485; 1:5,000; Abcam) and
Tubulin (ab6046; 1:5,000; Abcam).

Statistical analysis. All experiments were repeated at least
three times. Data were presented as mean + standard deviation.
Statistical analysis was performed using the Student's t-test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Decreased angiogenic capacity of BM-MSCs obtained
from the HFD mice. To determine the differences of MSCs
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from healthy controls and HFD-fed mice, the present study
quantified MSC abundance, proliferation and angiogenic
capacity. No significant differences of MSC abundance and
proliferation rate were identified between control and HFD
mice (Fig. 1A). In addition, MSCs from both groups had a
similar capacity to differentiation into osteoblasts (data not
shown). Angiogenesis is considered to be essential for bone
formation and also critical for MSC-mediated cell trans-
plantation therapies. Therefore, the present study compared
the angiogenic capacity of MSCs from control and HFD-fed
mice. The conditioned medium of the passage 3 MSCs from
the HFD mice, had a significantly reduced angiogenic ability
(Fig. 1B and C). As VEGFA and bFGF are established potent
angiogenic growth factors, their concentration in the culture
medium was subsequently determined. The concentration of
VEGFA and bFGF secreted by MSCs from the HFD-fed mice
was significantly reduced (Fig. 1D). It is of note that there were
no significant differences in the VEGFA and bFGF mRNA
expression levels in the MSCs from control diet and HFD
mice (Fig. 1E), suggesting that HFD affects the expression of
VEGFA and bFGF post-transcriptionally.

miR-15a downregulates bFGF and VEGFA simultaneously.
The reduced bFGF and VEGFA expression in HFD-fed
mice-derived MSCs may be attributed to deregulated miRNAs.
Analysis of the 3'-UTR of bFGF and VEGFA revealed that
both may be regulated by miR-15a (Fig. 2A). The recognition
site in the 3'-UTR is highly conserved among species (Fig. 2A),
further suggesting the possible regulation of bFGF and VEGFA
by miR-15a. Additionally, ~2-fold increase in miR-15a expres-
sion was identified in HFD mice-derived BM-MSCs (Fig. 2B).
Furthermore, miR-15a mimic transfection reduced the bFGF
and VEGFA protein expression levels in MSCs compared with
the chow diet derived MSCs (Fig. 2C), whereas the miR-15a
antagonist restored their expression in MSCs from HFD-fed
mice (data not shown). The present study determined that
miR-15a reduced the luciferase activity of bFGF and VEGFA
3'-UTR reporter (Fig. 2D). The aforementioned data indicate
that upregulation of miR-15a may be responsible for the reduc-
tion of bFGF and VEGFA expression in MSCs from HFD-fed
mice.

Inhibition of miR-15a restores the angiogenic capacity of
MSCs. Similar as the MSCs from the HFD-fed mice, 2-week
exposure of palmitic acid also reduced the angiogenic factor
expression of VEGFA and bFGF, consistent with the induction
of miR-15a (Fig. 3A and B). By contrast, inhibition of miR-15a
restored the VEGFA and bFGF expression levels (Fig. 3A and
B). Inhibition of miR-15a restored the angiogenic capacity
of MSCs from HFD-fed mice or exposed to palmitic acid
(Fig. 3C-E). These data indicate that upregulation of miR-15a
in MSCs from HFD-fed mice or palmitic acid-treated MSCs
contribute significantly to the observed reduced angiogenic
capacity.

HFD induces the expression of miR-15a via p65 activation.
Previous studies revealed that obesity may activate gene
expression via transcriptional and post-transcriptional mecha-
nisms (23-25). In order to determine the miR-15a aberrant
expression in the MSCs from HFD-fed mice, the promoter
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Figure 1. BM-MSCs from the HFD mice have reduced angiogenic capacity. (A) BM-MSCs from the high fat diet fed mice had no significant change in cell
proliferation. BM-MSCs from the chow diet and HFD fed mice were isolated and passage 3 cells were grown in growth medium and cell proliferation rate
was analyzed using Cell Counting Kit-8. (B) Reduced angiogenic capacity of BM-MSCs from the HFD-fed mice. The conditioned medium of BM-MSCs from
chow diet or HFD fed mice was harvested for treatment of human umbilical vein endothelial cells in an angiogenesis assay. Representative images from three
different experiments. (C) Quantitative data of the average branch numbers from the angiogenesis assay. n=3, ‘P<0.05. (D) Decreased expression of VEGFA
and bFGF in the conditioned medium of BM-MSCs from the HFD-fed mice. The conditioned medium of either BM-MSCs from chow diet or HFD-fed mice
was harvested for ELISIA analysis of VEGFA and bFGF levels. n=3, and "P<0.05. (E) No significant difference was identified between VEGFA and bFGF at
mRNA levels of BM-MSCs from the HFD-fed mice and the Ctrl mice. BM-MSCs from chow diet or HFD-fed mice were harvested for RNA purification, and
expression of VEGFA and bFGF at mRNA level was analyzed using reverse transcription-quantitative polymerase chain reaction. n=3, "P<0.05. HFD, high
fat diet; Ctrl, control; VEGFA, vascular endothelial growth factor A; bFGF, basic fibroblast growth factor; BM-MSCs, bone marrow mesenchymal stem cells.
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Figure 2. miR-15a simultaneously downregulates bFGF and VEGFA. (A) VEGFA (upper) and bFGF (lower) 3'-UTR contain the conservative binding site
for miR-15a. (B) Increased expression of miR-15a was observed in the BM-MSCs from high fat diet-fed mice. (C) miR-15a reduces the expression of bFGF
and VEGFA in BM-MSCs. BM-MSCs from chow diet mice were treated with miR-15a and expression of bFGF and VEGFA in the medium was analyzed by
ELISA. n=3, "P<0.05. (D) miR-15a reduces the luciferase activity of bFGF and VEGFA 3'-UTR reporter. bFGF and VEGFA 3'-UTR reporter plasmids were
co-transfected with control and miR-15a as indicated, with pRL-TK as internal control. n=5, "P<0.05. miR-15a, microRNA-15a; VEGFA, vascular endothelial
growth factor A; bFGF, basic fibroblast growth factor; 3'-UTR, 3'-untranslated region BM-MSCs, bone marrow mesenchymal stem cells; NC, negative control.
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Figure 3. Inhibition of miR-15a restores the angiogenic capacity of MSCs from HFD fed mice. (A) Inhibition of miR-15a restores the expression of VEGFA
and (B) bFGF in MSCs treated with PA, n=3. (C) Inhibition of miR-15a restores the angiogenic ability of MSCs treated with PA. n=3. (D) Inhibition of miR-15a
restores the angiogenic capacity of BM-MSCs from HFD fed mice. n=3. (E) Quantitative data of the average branch numbers from the angiogenesis assays.
n=3, "P<0.05. miR-15a, microRNA-15a; VEGFA, vascular endothelial growth factor A; bFGF, basic fibroblast growth factor; HFD, high fat diet; PA, palmitic
acid; BM-MSCs, bone marrow mesenchymal stem cells; Ctrl, control; NC, negative control.

sequences of miR15a among different species using the web
based ECR software were analyzed (20). miR-15a is imbedded
in the intron of Dleu2 gene (Fig. 4A), which has conserved
upstream regulatory regions. The locus of miR-15a suggests
that miR15-a may share a regulatory mechanism with Dleu2.
Therefore, the 2,000 bp region of the Dleu2 promoter was
further analyzed using JASPAR (21). There were two highly
conserved RELA binding sites (Fig. 4A), suggesting that
NF-kB may be involved in miR-15a aberration. Accordingly,
the present study determined that there was higher nuclear
translocation of p65 in the HFD mice-derived MSCs (Fig. 4B).
ChIP analysis using the anti-p65 antibody revealed enrichment

of p65 around the putative two RELA binding sites in the
miR-15a (Dleu2) regulatory region in MSCs from HFD-fed
mice (Fig. 4C). Furthermore, exposure to the NF-«xB inhibitor,
BAY 11-708, limited the induction of miR-15a in the MSCs
from HFD-fed mice and had a marginal effect on the MSCs
from mice fed with normal chow (Fig. 4D).

Discussion
The present study identified that HFD reduced the angiogenic

capacity of MSCs. Additionally, it was revealed that HFD
transcriptionally activates miR-15a, which in turn acts as a
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lymphocytic leukemia 2; WCE, whole cell extract; RELA, RELA proto-oncogene, NF-kB subunit; BAY 11-708, nuclear factor-kB inhibitor.
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novel potent angiogenic inhibitor in MSCs by simultaneously
downregulating bFGF and VEGFA. It has been previously
established that metabolism may transcriptionally and epige-
netically alter gene expression, whereas the specific changes
in different cell types and genes remain to be elucidated.
The present study identified that HFD induced activation of
NF-«B, which in turn binds to the RELA elements on the
promoter/regulatory region of miR-15a and contributes to the
increase of miR-15a in MSCs from HFD mice. The present
study determined that inhibition of miR-15a may restore the
therapeutic efficacy of mesenchymal stem cells by upregula-
tion of its angiogenic capacity. The current study established
that HFD-miR15-VEGFA/bFGF axis may contribute to the
deficient angiogenic capacity in MSCs from obese patients. It
is important to note that we only observed tube formation and
VEGF and FGF expression in the present study. Future work
using aortic ring assay and additional angiogenic models may
confirm the present conclusion and provide novel information
on the effect of the HFD-miR15-VEGFA/bFGF axis on angio-
genesis process. Additionally, the underlying mechanism of
how a HFD and increased NF-«xB expression induces miR-15a
remains to be elucidated. It is has been previously established
that activated NF-kB may recruit histone acetyltransferase
and thus induce the histone acetylation in the target gene (26).
Therefore, future studies may investigate the histone acetyla-
tion status of the miR-15a (Dleu2) regulatory region. It is of
note that the miR-15 miRNA precursor family includes the
miR-15a and miR-15b, miR-16-1, miR-16-2, miR-195 and
miR-497 sequences (27,28). These six highly conserved
miRNAs are clustered on three separate chromosomes, raising
the possibility that other members of the miR-15 family may
be also involved in the reduced VEGFA and bFGF expres-
sion levels observed in HFD mice. In addition, the miR-15a
antagonist partially restored the expression of bFGF and
VEGFA, suggesting that additional mechanisms may exist for
the reduced expression of bFGF and VEGFA in MSCs from
HFD mice.

miR-15 has been previously identified as a tumor
suppressor (27,28), the present study further elucidated the
tumor suppressor role of miR-15a, particularly when angio-
genesis is considered as the most potent promoter of cancer
progress. Obesity is linked to colon cancer; therefore, it is
interesting to determine whether the same mechanism occurs
during colon cancer initiation and progression. Additionally,
previous studies have linked obesity to osteoporosis (29-32)
and insufficient wound repair (7-10); therefore, it is possible
that the HFD-miR15-VEGFA/bFGF axis, as aforementioned,
may contribute to obesity-associated osteoporosis and other
defects.

In conclusion, the present study revealed that the tran-
scriptional activation of miR-15a may partially contribute to
the deficient angiogenic capacity of MSCs in HFD-fed mice,
raising the possibility that inhibition of miR-15 may restore the
therapeutic efficacy of MSCs from obese patients.
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