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Aims Activation of an osteogenic transcriptional program contributes to the initiation of aortic calcification in atherosclerosis.
The role of microRNAs in regulating aortic calcification is understudied. We tested the hypothesis that miR-30e regulates
anosteogenic program inbonemarrow-derivedmesenchymal stemcells (MSCs), aortic smooth muscle cells (SMCs), and
ApoE2/2 mice.

Methods
and results

In aortas of wild-type mice, we found that miR-30e is highly expressed in medial SMCs. In aortas of old ApoE2/2 mice, we
found that miR-30e transcripts are down-regulated in an inverse relation to the osteogenic markers Runx2, Opn, and Igf2.
In vitro, miR-30e over-expression reduced the proliferation of MSCs and SMCs while increasing adipogenic differentiation
of MSCs and smooth muscle differentiationof SMCs. In MSCs andSMCs over-expressing miR-30e, microarrays andqPCR
showed repression of an osteogenic gene panel including Igf2. Inhibiting miR-30e in MSCs increased Igf2 transcripts. In
SMCs, IGF2 recombinant protein rescued miR-30e-repressed osteogenic differentiation. Luciferase and mutagenesis
assays showed binding of miR-30e to a novel and essential site at the 3′UTR of Igf2. In ApoE2/2 mice, injections of
antimiR-30e oligos increased Igf2 expression in the aortas and livers and significantly enhanced OPN protein expression
and calcium deposition in aortic valves.

Conclusion miR-30e represses the osteogenic program in MSCs and SMCs by targeting IGF2 and drives their differentiation into
adipogenic or smooth muscle lineage, respectively. Our data suggest that down-regulation of miR-30e in aortas with
age and atherosclerosis triggers vascular calcification. The miR-30e pathway plays an important regulatory role in vascular
diseases.
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1. Introduction
Vascular calcification involves induction of an osteogenic program in
smooth muscle cells (SMCs).1,2 Although the origin of osteoblastic
cells in atherosclerotic lesions is debated, there is substantial evidence
thatSMCsenterproliferative,migratory, and synthetic states in response
to atherogenic stimuli, and this includes increased expression of bone
formation markers such as alkaline phosphatase (ALP) and osteopontin
(OPN).1

SM22a-Cre-dependent lineage tracing suggests that SMCs may be
precursors of osteochondrogenic cells within calcified arterial media
and atherosclerotic lesions.3 Therefore, in this study, we analysed
both aortic SMCs and bone marrow-derived mesenchymal stem cells
(MSCs), because both arepossible targets forosteogenic differentiation.
While SMCs and MSCs originate from different cellular compartments,
both cell types exhibit plasticity and the capability for osteogenic differ-
entiation. To our knowledge, comparing the responses of these two cell
types in parallel to osteogenic stimulation has not been studied and any
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distinguishing responses of either may be important to understand the
mechanism, aetiology, and cellular origins of vascular calcification.

Recent reports define ‘osteomiRs’ as microRNAs with impressive
biomarker and/or functional roles in the osteogenic differentiation
process of MSCs.4– 6 All members of the miR-30 family (with the pos-
sible exception of miR-30e) were shown to inhibit osteoblast differenti-
ation of MSCs by targeting Smad1 and Runx2.7 Most recently, miR-30e
was reported to induce adipogenic differentiation and reduce osteogen-
ic differentiation in stromal cells by targeting Lrp6.8 Interestingly,
miR-30e appears to be selectively repressed in the aortas of middle-aged
ApoE2/2 mice relative to wild-type mice.9 The global effects of miR-30e
on the genome of SMCs or MSCs are not known. In the present study,
we demonstrate the following: (i) expression of miR-30e in medial
SMCs, (ii) global targets of miR-30e in both MSCs and SMCs, (iii) down-
regulation of miR-30e in aged atherosclerotic aortas, (iv) binding of
miR-30e to the 3′ UTR of the mRNA of insulin-like growth factor
2 (IGF2) and consequent regulation of gene and protein expression,
(v) IGF2 rescue of miR-30e-repressed osteogenic differentiation in
SMCs, (vi) miR-30e-mediated reduction of proliferation and induction
of the smooth muscle differentiation of SMCs, and (vii) induction of
vascular calcification by antimiR-30e in vivo.

Together these findings support a model of miR-30e regulation of an
IGF2-dependent osteogenic transcriptional program in MSCs, SMCs,
and ApoE2/2 mice that develop aortic atheromas.

2. Experimental procedures
Reagents are detailed in the Supplementary material online.

2.1 Young and old wild-type and ApoE2/2

mice
All experiments involving animals were approved by the Institutional
Animal Care and Use Committee at the University of Miami, conforming
to NIH guidelines. ApoE2/2 mice were bought from Jackson Labs and
bred in-house. Young wild-type mice were bought from Jackson labs,
and old wild-type mice were bought from the National Institute of
Aging. LacZ-miR-30e mice were bought from Jackson Labs. For sacri-
ficing all mice used in this study, isoflurane inhalation followedby cervical
dislocation wereused. Whole aortas were carefully dissected and pieces
of the livers were excised, immediately immersed in RNALater and snap
frozen in liquid nitrogen, or fixed in 10% formalin. Tissues were later
homogenized in Cell Disruption Buffer (Mirvana Paris kit) for two con-
secutive 5 min in a Geno/Grinder 2000 homogenizer (OPS Diagnostics
LLC, NJ, USA) and used for RNA and protein work. For plaquehistology,
sections of thoracic plaque were located microscopically, dissected, em-
bedded in OCT, and immediately frozen at 2808C. Frozen OCT blocks
werecutusingacryostat (Leica,BuffaloGrove, IL,USA)at10 mmthickness.

2.2 Alizarin Red and Van Kossa staining
of tissue
Slides with 10 mm frozen sections of thoracic plaque or aortic valves
were warmed for 10 min at RT then 10 min at 538C, fixed in 4% PFA
for 30 min, dipped in PBS, stained, dipped twice in water, dried,
mounted, and sealed.

2.3 Human aortic tissue
Human aortas from healthy donors or atherosclerotic patients were
collected under IRB approval at the University of Miami Miller School

of Medicine (which includes conformation to the declaration of Helsinki
and informed donor/patient consent). The aortas were frozen in OCT
and later sectioned at 10 mm thickness for staining as described above.

2.4 OPN immunostaining of tissue
Slides with 10 mm frozen sections of thoracic plaque or aortic roots
were warmed for 10 min at RT then 10 min at 538C, fixed in 4% PFA
for 15 min, permeabilized with 0.2% Triton for 30 min, blocked in 10%
donkey serum for 30 min, incubated with OPN antibody (R&D) at a con-
centration 1:50 overnight at 48C, incubated with Donkey-anti-Goat
Alexa Fluor-488 at a concentration 1:200 for 1 h, and mounted with
DAPI Antifade (Invitrogen).

2.5 MSC and SMCs isolation and viral
transduction
MSCs were isolated from the femurs and tibias of C57Bl6 3-month-old
male mice as previously described,10 and SMCs were isolated from
aortic explants of C57Bl6 1-month-old male mice. Cells were passaged
5 times and then transduced with miR-30e or ctrl-miR lentiviral vectors.
Puromycin selection was employed to create stable lines. At least three
independent MSC or SMC isolations and generation of stable lines were
implemented.

2.6 Primary hepatocyte isolation
and transfection
C57BL6 mouse was anaesthetized, and inferior vena cava (IVC) was
exposed and cannulated. Liver was perfused through IVC with liver per-
fusion media at 6 mL/min for 5 min and then liver digestion media for
10 min. Liver was excised, transferred to a 100 mm culture dish, torn
and shaken with forceps to free digested cells. Cells were passed
through a 70 mm strainer, centrifuged at 50 g for 2 min at 48C, and
washed twice with William E media. Cells were then nucleofected
(Amaxa, Lonza) with either control/SCR or miR-30e plasmids. Finally,
transfected cells were plated on collagen I pre-coated 6-well plates.
Four hours post plating, media were changed to serum-free culture
media.

2.7 Cell proliferation assays
For proliferation assay, lentiviral-transduced MSCs or SMCs wereplated
in 60 mm tissue culture dishes at a density of 5 × 104 per plate and
counted daily for 6 days on a Coulter Counter (Beckman) or a T10
Cell Counter (Biorad). At least three plates were used per time point
for each group.

2.8 Transcribing 2′F miR-30e and miR-125b
oligos
Templates for the sense and non-sense strands of premiR-30e and
premiR-125b were generated as Ultramer DNA oligos (IDT), annealed
at 958C for 5 min, cooled down to room temperature, and then tran-
scribed to 2′F RNA oligos using Durascribe T7 enzyme kit following
manufacturer’s protocol. Final product was DNase I digested and puri-
fied on Acrylamide/Urea gel before transfection into cells.

2.9 Treatment of MSCs with IGF2
recombinant protein
IGF2 recombinant protein was added to cultured MSCs at a 500 ng/mL
final concentration. Cells were harvested 1, 2, 4, 6, 8, and 24 h following
treatment, and mature miR-30e transcripts were quantified by qPCR.
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2.10 Electron microscopy
Cultures were fixed for 20 min in 4% PFA, rinsed in wash buffer three
times, and then postfixed in 2% osmium tetroxide in 0.1 M phosphate
buffer for 1 h. After buffer rinses, they were dehydrated through a
series of graded ethanols and embedded using EMbed (Electron Micros-
copy Sciences, Hatfield, PA) overnight in a 648C oven. Silver/gold sec-
tions were cut on a Leica Ultracut E (Leica) and stained in uranyl
acetate and lead citrate. Images were captured by a Gatan Erlangshen
ES1000W camera (Gatan, Pleasanton, CA, USA) in a Philips CM10 elec-
tron microscope (FEI, Hillsboro, OR, USA).

2.11 Osteoblastic differentiation
To induce osteoblastic differentiation, after reaching 80% confluency,
BM-MSCs at passages 12–19 were cultured in a-MEM (M8042, Sigma)
supplemented with 10% FBS, 1% P/S, 0.1 nmol/L dexamethasone
(SigmaD4902), 0.01 mmol/L b-glycerophosphate (Sigma G9422), and
0.05 mmol/L ascorbic acid-2-phosphate (Sigma A8960). This method
has been reported to induce differentiation through the IGF2 system.11

Media were changed twice every week. One millilitre of media was
collected at the 7-day and 14-day time points for ELISA. For RNA work,
cell lysates were collected in Cell Disruption Buffer (Mirvana Kit).

2.12 Adipogenic differentiation
To induce adipogenic differentiation, after reaching 90% confluency,
BM-MSCs at passages 12–19 were cultured in Mesencult MSC Basal
MediumwithAdipogenic StimulatorySupplement (StemCellTechnolo-
gies) for 10 days. Media were changed twice only.

2.13 IGF2 and BMP2 rescue experiment
SMCs were isolated from 2-month- or 18-month-old mouse aorta and
transduced with ct-miR or miR-30e lentivirus. At passage 10, SMC
stables were seeded in a 24-well cell culture plate and stimulated to
osteogenic differentiation by supplementing cells with osteogenic induc-
tion media. IGF2 or BMP2 recombinant protein was added at 500 or
250 ng/mL to wells of SMC + miR-30e stables twice a week during
media change. After 2, 2.5, or 4 weeks of osteogenic induction, cells
were fixed in 10% formalin for 30 min, rinsed with distilled water, and
stained with 2% Alizarin Red solution for 45 min in the dark. Finally,
cells were washed with distilled water and microscopic images were
taken. Five images were captured per well, and at least three wells
were used per group.

2.14 Luciferase 3′UTR assay
Luciferase vectors containing full-length Igf2 (wt or mutant), full-length
OPN, or 500 bp of Runx2 3′ UTRs were transfected into 293T or
HEPA1-6 cells stably over-expressing miR-30e or ct-miR using Lipofec-
tamine 2000 (Invitrogen). Forty-eight hours post-transfection, cells
were assayed for luciferase activities using the Luc-Pair miR dual lucifer-
ase assay kit (Genecoepia) and a microplate reader (SpectraMax M5,
Sunnyvale, CA, USA). Binding activities were finally reported as Firefly
to Renilla luciferase luminescence in the same cells.

2.15 Enzyme-linked immunosorbent assay
For quantification of secreted OPN and IGF2 proteins from MSC cul-
tures, equal volumes of collected media were used. For quantification
of aortic OPN protein from ApoE2/2 mice, whole aortic lysates were
used and normalized to GAPDH Elisa. For quantification of aortic and
hepatic IGF2 protein from ApoE2/2 mice, lysates were subjected to Elisa

and readings were normalized to measured protein concentrations. In all
the ELISAs, each biological sample was assayed in duplicates, and a perfect
standard curve was generated for measurements and/or quality control.

2.16 Alizarin Redand OilRedstaining ofcells
MSC lentiviral stables were seeded in 24-well cell culture plate and sti-
mulated to osteogenic differentiation or adipogenic differentiation by
supplementing induction media accordingly. After 10 days, 2 weeks,
2.5 weeks, or 4 weeks of induction, cells were fixed in 10% formalin for
30minandrinsedwithdistilledwater. ForAlizarinRedstaining, 2%Alizarin
Red solution was applied to each well and left for 45 min in the dark.
Finally, cells were washed with water, and microscopic images were
obtained. ForOil Red Staining, cells were incubatedwith 60% isopropanol
for 5 min, stained with Oil Red solution for 5 min. Finally, cells were
washed with water, and microscopic images were obtained.

2.17 Animal injections and tissue collection
In the first experiment, 5-month-old ApoE2/2 male mice fed normal
chow received tail vein injections of 0.6 nmol 2′Ome antimiR-30e (n¼ 8)
or a scrambled (SCR) control oligo (n ¼ 7) every other day for 1
month. A total of 16 injections per mouse were administered. Whole
aortas were carefully dissected, and pieces of the livers wereexcised, im-
mediately immersed in RNALater, and snap frozen in liquid nitrogen.
Tissues were later homogenized in Cell Disruption Buffer (Mirvana
Paris kit) for two consecutive 5 min in a Geno/Grinder 2000 homogen-
izer (OPS Diagnostics LLC) and used for RNA and protein work.

In the second experiment, 6-month-old ApoE2/2 male and female
mice fed on high-fat (HF) chow received tail vein injections of 3 nmol
(100 nmol/kg) 2′Ome antimiR-30e (n ¼ 7) or PBS (n ¼ 6) every other
day for 2 months. A total of 36 injections per mouse were administered.
For aortic valve collection for histology, hearts were perfused with
potassium chloride to arrest in diastole for aortic valve closure, fixed
overnight in 4% PFA at 48C, incubated in 10% sucrose for 4 h at 48C,
incubated in 20% sucrose overnight at 48C, incubated in 20% sucrose:
OCT (50:50) for 3 h at RT, embedded in OCT, and frozen at 2808C.
Frozen OCT blocks were cut using a cryostat (Leica) at 10 mm thick-
ness. Livers were collected and processed for RNA and protein work
as described above. Liver tissues were also saved in formalin, and 4 mm
paraffin sections were stained with H&E and Masson Trichrome staining.
Blood was collected, and plasma CRP protein levels were measured
using a CRP sandwich Elisa kit (R&D).

In the third experiment, 8-month-old ApoE2/2 male and female mice
fedon normal chowreceived tail vein injections of 6 nmol (200 nmol/kg)
2′Ome antimiR-30e (n ¼ 4) or PBS (n ¼ 5) every day for three consecu-
tive days. Aortic arches were collected and processed for RNA work
as described above.

2.18 Animal work
All experiments involving animals were approved by the Institutional
Animal Care and Use Committee at the University of Miami.
ApoE2/2 mice on C57Bl6 background were bought from Jackson
Labs and bred in-house. Young C57Bl6 wild-type mice were bought
from Jackson labs, andoldwild-typemicewerebought fromthe National
Institute of Aging.

2.19 Statistics
For all experiments, n refers to the number of individual mice or individ-
ual culture plates. All data are expressed as mean+ SEM. P-values were
calculated using Student’s t-tests. For data in Supplementary material
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online, Figure S1, we employed ANOVA with Tukey Post hoc correction
using SPSS 22 software, to compare gene and microRNA expression
among the four groups. Repeated symbols represent P-values of differ-
ent orders of magnitude, i.e. *P , 0.05, **P , 0.01.

3. Results

3.1 miR-30e is expressed in medial SMCs
in mouse aorta
To identify the cells that express miR-30e in mouse aortas in situ, we per-
formed B-gal staining in aortas of 2-month-old miR-30e-lacZ mice.12 By
co-staining for B-gal, smooth muscle marker (SM1), and endothelial
marker (CD34), we found that miR-30e is unequivocally expressed in
medial SMCs (Figure 1).

3.2 Nuclear transcription factor gamma
and hosted miR-30e transcripts are
down-regulated with age and atherosclerosis
miR-30e (and miR-30c) sits in intron 5 of nuclear transcription factor
gamma (NFYC) gene. Mature sequence of miR-30e is conserved across
human, mouse, and rat species (see Supplementary material online,

Figure S1A). To study the dynamics of Nfyc and hosted miR-30e expres-
sion with age and atherosclerosis, we collected the full aortas from
‘young’ 6-month-old ApoE2/2 (n¼ 7–9) and WT (n¼ 4) mice, and
‘old’ 13.5-month-old ApoE2/2 (n¼ 9–15) and WT (n ¼ 3–6) mice—
all on normal chow. We found by qPCR that relative to young wild
type, Nfyc and mature miR-30e transcripts are down-regulated in old
wild-type and mostly old ApoE2/2 aortas (see Supplementary material
online, Figure S1B and Table S1). We also found that the pattern of Nfyc/
miR-30e expression is inversely proportional to the expression of the
osteogenic genes Runx2, OPN, and IGF2 (see Supplementary material
online, Figure S1B and Table S1). Our finding supports a previous
report that miR-30e was the most down-regulated microRNA in the
aortas of 10-month-old ApoE2/2 vs. wild-type mice.9 Measuring
aortic OPN protein and normalizing to GAPDH, both by sandwich
ELISA, we found that OPN protein was significantly up-regulated in
ApoE2/2 aortas in both young and old mice (n ¼ 3–15 per group;
see Supplementary material online, Figure S1C). Our results confirm pre-
vious reports on over-expression ofOPN in atherosclerotic arteries.13–15

Inaddition, the increase inOPNexpressionatanearlystageof atheroscler-
osis confirms previous reports on induction of osteogenesis programs
during arterial calcification.16

3.3 Calcification is evident in plaque of old
atherogenic mouse aortas and in medial
SMCs of human atherogenic aortas
In young ApoE2/2 mice, no calcification is observed in aortic plaque
(data not shown). However, in old (13.5 months) ApoE2/2 mice,
calcium mineralization is clear when aortic plaque is stained with Alizarin
Red, VanKossa, or OPN (Figure 2A–C). In human atherosclerotic plaque,
on the other hand, arterial (medial) calcification is much stronger than in
mouse (Figure 2D and E). We performed in situ hybridization on human
normal aortas and confirmed expression of miR-30e in human medial
SMCs (Figure 2F) as in mouse medial SMCs (Figure 1).

3.4 miR-30e drives MSCs towards
adipogenic differentiation, and SMCs
towards smooth muscle differentiation
We tested proliferation and differentiation potential in MSCs and SMCs
stably over-expressing miR-30e vs. ct-miR in normal media. First we
recorded cell numbers in 6 consecutive days and found MSCs over-
expressing miR-30e exhibited a significant lower proliferation rate at
Days 2, 4, and 5 (Figure 3A). A slow proliferation rate suggested a ten-
dency towards a differentiation lineage. Our microarray data confirmed
adipogenic tendency, by significant over-expression of the two major
adipogenic markers fatty acid-binding protein 4 (Fabp4) and peroxisome
proliferator-activated receptor gamma (Pparg) by miR-30e (Figure 3B).
These results are in line with a very recent report on miR-30e inducing
adipogenic differentiation in bone marrow stromal cells.7,8 Our micro-
array data showed that in SMCs and MSCs, miR-30e did not cause a sig-
nificant change in the gene expression of Bmi1 which was reported as
regulated by miR-30e*.17 Similarly, in MSCs, antimiR-30e (equivalent
to miR-30e*) did not cause a significant change in the expression of
Bmi gene. Therefore, our microarray data suggest that the targeting
of Bmi1 by miR-30e could be cell specific and un-related to the
miR-30e effects in SMCs and MSCs. In SMCs also, miR-30e delayed
proliferation rate at Days 2–6 (Figure 3C) and induced smooth
muscle differentiation as quantified by western blots of the smooth

Figure 1 miR-30e is expressed in medial SMCs in mouse aorta. Con-
focal microscopy shows b-gal staining (corresponding to miR-30e ex-
pression) in medial SMCs in 2-month-old mouse thoracic aorta. SM1
and CD34 staining show smooth muscle and endothelial cells, respect-
ively. DAPI/nuclear staining is shown in blue.
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muscle lineage markers smooth muscle 22-alpha (SM22a), calponin 1
(Cnn1), and vinculin (VCL) (Figure 3D). Confirming the smooth muscle
differentiated, less proliferative phenotype, EM showed reduction by
miR-30e of cellular organelles (Figure 3E). miR-30e caused significant
reduction of mitochondrial count (Figure 3F). Our results on
miR-30e inducing smooth muscle or adipogenic differentiation while
reducing osteogenic differentiation are in line with the concept of a
sensitive balance/seesaw that forces the cells to choose one lineage
over the other.

3.5 miR-30e reduces osteogenic
and increases adipogenic differentiation
of MSCs
A major characteristic of osteoblasts is secretion of extracellular matrix
protein and formation of calcium–mineral nodules,18 which is also clin-
ically implicated in atherogenic plaques.19 We tested calcification in
lentiviral-transduced MSCs after 2 weeks of osteogenic induction in
osteogenic media. Using Alizarin Red staining, we observed much less
calcium deposition in miR-30e over-expressing MSCs (see Supplemen-
tary material online, Figure S2A). During late osteoblastic differentiation,
MSC morphology changed from a spread cell to a narrow calcified cell.
Interestingly, EM showed dramatic morphological preservation in MSCs

over-expressing miR-30e after 2 weeks of osteogenic differentiation
(see Supplementary material online, Figure S2B). Thus, miR-30e tremen-
dously reduced osteogenic differentiation of MSCs.

After 10 days of adipogenic differentiation, Oil Red staining showed
bigger fat droplets in miR-30e over-expressing MSCs (see Supplemen-
tary material online, Figure S2C), confirming that miR-30e drives MSCs
towards adipogenic differentiation. EM shows huge fat droplets in
both MSC groups (see Supplementary material online, Figure S2D). In
addition, our microarray data confirmed miR-30e down-regulation of
Lrp6 (22.7-fold, P ¼ 0.02) which was reported as a mechanism for
inducing adipogenic differentiation in stromal cells.8

3.6 miR-30e down-regulates an osteogenic
gene panel in MSCs
To test the prediction that miR-30e controls MSC differentiation poten-
tial, we performed microarrays on MSCs stably over-expressing either a
control miR (MSCs + ct-miR) or miR-30e (MSCs + miR-30e). Interest-
ingly, the genes most down-regulated by miR-30e included the bone for-
mation/ossification genes dermatopontin (Dpt), insulin growth factor 2
(Igf2), bone morphogenetic protein 4 (Bmp4), chordin-like 1 (Chrdl1),
and immunoglobulin superfamily, member 10 (Itgsf10)—listed in Supple-
mentary material online, Table S2. To establish the detailed dynamics of

Figure 2 Plaque calcification is evident in old ApoE2/2 mice. Plaque calcification is evident in old (13.5 months) ApoE2/2 mice on normal diet as
visualized by Alizarin Red staining (A), Van Kossa staining (B), and OPN immunostaining (C) of consecutive sections of mouse thoracic aortas. Shown
are Alizarin (D) and Von Kossa (E) staining of normal and atherosclerotic human aortas. miR-30e is expressed in the arterial wall of normal human
artery, as shown by in situ hybridization (F ). Scale bar ¼ 100 mm. WT, wild type.
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osteogenic induction in MSCs, we initially used osteogenic media that is
1000-fold less intense (in dexamethasone and b-glycerophosphate con-
centration) than standard osteogenic recipe. We believe that this ‘light’
osteogenic media is more physiologically relevant and would allow to
better capture the dynamics of osteogenesis. Asearly as 1 day afterosteo-
genic induction and peaking at 2 weeks, MSCs over-expressed a panel of
eight osteogenic markers including Igf2 (see Supplementary material
online, Figure S3A). Note that Bmp4 (1.6-fold; P ¼ 0.0034) and Alp
(1.6-fold; P ¼ 0.05) transcripts were significantly increased at Day 1. Start-
ing at Day 2, most of the eight genes were up-regulated, especially Igf2
which was mostly induced at Day 5 (50.1-fold; P ¼ 0.0003) and Day 14

(115.6-fold; P ¼ 0.0008; see Supplementary material online, Figure S3A).
This supports a very recent report on Igf2 being the most induced gene
in mouse aortic SMCs after osteogenic differentiation.20

Most interestingly, this osteogenic panel (eight genes) was tightly
regulated by miR-30e. We quantified by qPCR the gene expression
of the osteogenic panel in MSCs transiently transfected with 0.1, 1,
or 10 nmol/L of 2F’ miR-30e oligos. Results confirmed the reduction
of the osteogenic panel (including ALP) by miR-30e in a dose-dependent
manner (see Supplementary material online, Figure S3B and Table S3).

Next we tested these same genes in MSCs stably over-expressing
miR-30e before and after osteogenic differentiation. We found that

Figure 3 miR-30e over-expression reduces proliferation of MSCs and SMCs and drives adipogenic and smooth muscle differentiation, respectively.
(A) MSCs stably over-expressing miR-30e show a significant delay in cell proliferation. (B) The two main adipogenic markers, Fabp4 and Pparg, are signifi-
cantly induced in MSCs stably over-expressing miR-30e, as shown by the bar graph from microarray analysis. (C) SMCs stably over-expressing miR-30e
show a significant delay in cell proliferation. (D) Smooth muscle markers, CNN1, SM22a, and VCL, are significantly induced in SMCs stably over-expressing
miR-30e, as shown by the western blot and corresponding densitometry. (E) EM shows reduction of organelles in SMCs over-expressing miR-30e
especially in mitochondria (F). n ¼ 3 per group; experiments repeated at least twice. Data are mean+ SEM. *P , 0.05; **P , 0.01.
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Dpt (211.3-fold, P ¼ 0.03), Dcn (212.9-fold, P ¼ 0.01), Bmp4 (25.2-
fold,P ¼ 0.01), and Igf2 (221.7-fold,P ¼ 0.02) transcript levelsweresig-
nificantly lower in MSCs over-expressingmiR-30e relative to the control

treated cells (see Supplementarymaterial online, Figure S3C—left panel).
After 2-week osteogenic differentiation, gene expressions of these
osteogenic markers (as well as OPN,Runx2, and Bmp4)went significant-
ly up in the control group as expected but were only modestly increased
in the miR-30e-transduced cells (see Supplementary material online,
Figure S3C—right panel). Igf2 transcripts were significantly down-

regulated in MSCs over-expressing miR-30e relative to the controls
in the differentiated cells (237.7-fold; P ¼ 0.04), suggesting a leading
role for IGF2 in the osteogenic panel.

3.7 Igf2 is regulated by miR-30e and
antimiR-30e in mirror directions
To study the effect of over-expressing and knocking down miR-30e on
MSCs in an unbiased manner, we performed global gene expression
microarray studies using four groups, MSCs stably transduced with
ct-miR or miR-30e lentivirus and MSCs transiently transfected with
LNA scrambled or antimiR-30e oligos (GEO GSE65435). To identify
miR-30e targets that showed reversible regulation with the antimiR-
30e, we implemented Venn analysis and identified Igf2 as one of the
seven targets that are repressed by miR-30e and induced by antimiR-
30e, respectively (see Supplementary material online, Figure S4A and
B). To find common genes regulated by miR-30e in MSCs and SMCs,

Figure 4 IGF2 recombinant protein rescues miR-30e-repressed osteogenesis in SMCs. (A) SMCs stably over-expressing miR-30e show repression of
osteogenic differentiation as measured by Alizarin Red 2 weeks (top row) and 4 weeks (second row) after osteogenic induction. Addition of IGF2 recom-
binant protein at 500 mg/mL rescues osteogenic differentiation in the SMCs over-expressing miR-30e. (B) At 2.5 weeks of osteogenic differentiation, IGF2
as well as BMP2 recombinant protein (both at 250 ng/mL) rescue osteogenic differentiation in the SMCs over-expressing miR-30e. Images are represen-
tative of at least three experiments per group. Scale bar ¼ 100 mm.
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Figure 5 miR-30e directly targets and regulates Igf2 transcripts and proteins in vitro and in vivo. (A) miR-30e over-expression reduces Igf2 transcripts in
MSC, SMCs, Hepa1-6 cells, and mouse primary hepatocytes—all relative to their ct-miR groups—as shown by qPCR. (B) qPCR shows successful over-
expression and knock down of miR-30e in MSCs using 2′F miR-30e or LNA antimiR-30e oligo 2-day transfections, respectively. (C) Transfection with
antimiR-30e oligos for 2 days in MSCs causes up-regulation of Igf2 transcripts as shown by qPCR. (D) Shown is the secondary structure of the binding
of miR-30e mature sequence to Igf2 3′UTR as predicted by RNAHybrid software. Arrows point to mutation sites at Igf2 3′UTR used to generate two
mutant sequences. (E) Using 2′F miR-30e or miR-125 (positive control) oligos in Hepa1-6 cells, luciferase assay shows binding of miR-30e to the Igf2
3′UTR. (F and G) Using miR-30e or ct-miR lentiviral Hepa1-6 or 293T stables (G), luciferase assay shows binding of miR-30e to 3′UTR of Igf2 and
Runx2 (positive control), but not OPN nor mutant Igf2 constructs. n ¼ 4–5 per group. (H ) Secreted Igf2 protein levels are significantly reduced in
miR-30e-transduced MSCs after 7 days of osteogenic differentiation, as measured by sandwich ELISA. n ¼ 4 per group. (I ) Treatment of MSCs with
IGF2 recombinant protein (500 ng/mL) induces miR-30e transcripts as measured by qPCR. n ¼ 4 per group. For all experiments, data are
mean+ SEM; *P , 0.05, **P , 0.01. SCR, scrambled oligo; A-30e, AntimiR-30e; MUT, mutant.
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we also implemented microarrays (GEO GSE65435) and Venn analysis
and found that Igf2 and related genes were down-regulated in both
MSCs and SMCs relative to their controls (see Supplementary material
online, Figure S4C). Using GO analysis on the genes differentially
repressed by miR-30e in MSCs, we found that ‘Kinase Related Activity’,
‘Lectin-Like Receptor’, ‘Insulin-Like Growth Factor Receptor’, and
‘Protein Binding’ were the four most represented molecular functions
regulated by miR-30e (P , 0.05, see Supplementary material online,
Figure S5). The microarray data further supported the role of
miR-30e in regulating an osteogenic program in MSCs and specifically
involving Igf2.

qPCR validated the microarray results on Igf2; miR-30e over-
expression repressed Igf2 transcripts in MSCs, SMCs, Hepa1-6 mouse
hepatocarcinomacells, andprimaryhepatocytes (Figure5A).AntimiR-30e,
which reduced miR-30e levels (26.0-fold, P ¼ 0.01; Figure 5B),
up-regulated Igf2 transcripts relative to control SCR (2.3-fold, P ¼ 0.04;
Figure 5C) and miR-30e oligo groups.

3.8 IGF2 recombinant protein rescues
miR-30e-repressed osteogenesis in SMCs
To validate that IGF2 is indeed a mechanism by which miR-30e reduces
osteogenesis in SMCs, we generated SMCs stably over-expressing
miR-30e or a ct-miR and cultured them in osteogenic media for
several weeks. SMCs stably over-expressing miR-30e show repression
of osteogenic differentiation as measured by Alizarin Red 2 and 4
weeks after osteogenic induction. Addition of IGF2 recombinant
protein (500 mg/mL) rescued osteogenic differentiation in the SMCs
over-expressing miR-30e (Figure 4A). To test the ability of another
potent osteogenic agent to rescue miR-30e-repressed osteogenesis,
we performed a 2.5-week osteogenic experiment in SMC stables and
treated with IGF2 or BMP2 (both at 250 mg/mL). Interestingly, like
IGF2, BMP2 also restored osteogenesis in SMCs over-expressing
miR-30e. While our microarray data did not show that miR-30e regu-
lates Bmp2 gene expression, the results from this rescue experiment

Figure 6 AntimiR-30e injections in ApoE2/2 mice triggers calcification in aortic valves. (A) Systematic administration of 0.6 nmol antimiR-30e oligos in
6-month-old ApoE2/2 mice on normal chow causes significant up-regulation of Igf2 aortic and hepatic mRNA and Igf2 hepatic protein as measured by
qPCR and sandwich ELISA, respectively (n ¼ 4–7 mice per group). (B) Systematic administration of 3 nmol antimiR-30e oligos in 8-month-old
ApoE2/2 mice on HF diet causes significant up-regulation of hepatic IGF2 hepatic protein as measured by sandwich ELISA (n ¼ 6–7 mice per group).
(C) Systemic administration of 6nmols of antimiR-30e oligos in 8 mo ApoE2/2 mice on normal chow causes significant up-regulation of aortic Runx2
mRNA after 3 days as measured by qPCR (n ¼ 4–5 per group). Systematic administration of 3 nmol antimiR-30e oligos in 8-month-old ApoE2/2 mice
on HF diet causes significant induction of OPN protein expression in aortic valves as seen by OPN immunostaining (D) and corresponding quantification
(E) and Alizarin Red staining (F ) and corresponding quantification (G). Images are representative of n ¼ 5 mice per group. Scale bar ¼ 100 mm. A-30e,
AntimiR-30e. Data are mean+ SEM; *P , 0.05.
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suggest that IGF2 and BMP2 share common downstream osteogenic
effectors that were blocked by miR-30e. This is not surprising since
both IGF2 and Bmp2, for example, up-regulate Runx221,22 which is
also a primary target of miR-30e (Figure 5F).8

3.9 miR-30e binds to and represses Igf2
transcripts and protein in vitro and in vivo
To determine whether Igf2 mRNA is the direct target of miR-30e, we
first confirmed using RNAHybrid software that miR-30e has a predicted
binding site at the murine Igf2 3′UTR (Figure 5D). Then, we launched a
series of Firefly/Renilla luciferase binding assay experiments in multiple
systems using the wild-type and two mutant Igf2 3′ UTR constructs
(Figure 5D). In HEPA1-6 cells, transfection with 2′F miR-30e oligos
caused significant reduction in normalized luciferase activity (0.49-fold,
P ¼ 0.0003) relative to the control blank group, even more reduction
than that caused by the positive control miR-125b23 (0.75-fold, P ¼
0.04; Figure 5E). In HEPA1-6 cell stably over-expressing miR-30e or a
control miR, luciferase activity was reduced in the miR group relative
to the ct-miR group in a dose-dependent manner with increasing
concentrations of the wild-type 3′UTR Igf2 construct, and also with
the positive control construct Runx2 that has a predicted site for
miR-30e, but not with the OPN construct (Figure 5F). Interestingly, luci-
ferase activity showed stronger binding of miR-30e to the Igf2 3′UTR
construct than Runx2 which has been reported to being regulated by
the other miR-30 family members.7,24 In addition, our results show no
binding of miR-30e to the 3′UTR of OPN which further suggests that
the repression of OPN by miR-30e is indirect and possibly downstream
of Igf2 regulation by miR-30e.

Previous investigations on microRNA binding principles revealed the
importance and sufficiency of complementarity between 5′ end of
miRNA mature sequence and its target gene, specifically from the first
to the eighth base pair in the complementary sequence,25 recognized
as seed sequence. Therefore, we generated two mutant constructs of
the Ig2 3′UTR at the nucleotides (nts) corresponding to the first three
bases of the binding miR-30e seed sequence located 1093–1095 nt of
Igf2 3′UTR (Figure 5D). In 293T cells stably over-expressing miR-30e
or a ct-miR lentivirus, luciferase activity was significantly reduced by
the wt Igf2 3′ UTR construct but not by the two mutant constructs
(Figure 5G). These results collectively confirm that miR-30e binds direct-
ly to Igf2 3′UTR and represses Igf2 gene expression.

Next we quantified IGF2 protein expression with over-expression of
miR-30e. Secreted IGF2 protein levels were significantly and dramatical-
ly increased at 7-day osteogenic differentiation in control MSCs
(637.4-fold relative to un-differentiated group; P ¼ 0.001), but nearly
completely repressed in miR-30e-transduced MSCs (0.5-fold relative
to ct-miR differentiated group; P ¼ 0.02; Figure 5H).

3.10 IGF2 induces miR-30e expression
in MSCs
Interestingly, we found that treatment of MSCs with IGF2 recombinant
protein (500 ng/mL) quickly induced the expression of miR-30e (n ¼ 4
per group, P ¼ 0.02; Figure 5I). This suggests that miR-30e and IGF2 func-
tion in a feedback loop and could explain the non-perfect correlation
between miR-30e and its host gene Nfyc transcripts (see Supplementary
material online, Figure S1B).

3.11 AntimiR-30e induces IGF2 expression
and significant calcification in ApoE2/2 mice
To study the effect of miR-30e on Igf2 and associated calcification in vivo,
we injected 5-month-old ApoE2/2 mice with 0.6 nmol/injection 2′O-Me
antimiR-30e oligos (n ¼ 8) or SCR oligos (n ¼ 7). We found that
antimiR-30e caused significant up-regulation of Igf2 transcripts in aortas
(FC ¼ 2.4; P ¼ 0.03) and livers (FC ¼ 2.3; P ¼ 0.03), and Igf2 protein in
livers (FC ¼ 1.7; P ¼ 0.04) relative to the Scr group (Figure 6A).

Even with the up-regulated aortic Igf2 transcripts in the treated mice,
we could not detect IGF2 protein in the aortas. This could be due to the
young age of the mice, the quick extracellular secretion of IGF2, and/or
the expression of IGF2 protein mainly in the livers.

Injection of 6-month-old ApoE2/2 mice with a higher dosage of
antimiR-30e (3 nmol or 100 nmol/kg or 0.6 mg/kg per injection, n ¼ 7)
continued to induce IGF2 protein expression in the livers (Figure 6B)
and also induced significant calcification in the aortic valves relative to
the PBS-injected group as measured by OPN immunostaining (FC ¼
3.9, P ¼ 0.02, n ¼ 5 mice per group; Figure 6D and E) and Alizarin staining
(FC ¼ 2.5, P ¼ 0.004, n ¼ 5–6 per group; Figure 6F and G). It is quite
remarkable that such a low dosage (0.6 mg/kg) of antimiR-30e oligos
(in comparison to published dosages used in vivo that range between 2.5
and 80 mg/kg) can trigger valvular calcification. To investigate any side
effects of 100 nmol/kg antimiR-30e injections, we performed liver path-
ology using H&E (see Supplementary material online, Figure S6A) and
Masson Trichrome (see Supplementary material online, Figure S6B) stain-
ing. We also measured levels of plasma CRP, a marker of inflammation
(see Supplementary material online, Figure S6C), and body weights (see
Supplementary material online, Figure S6D). None were affected by the
100 nmol/kg (3 nmol) dosage of antimiR-30e injections (n ¼ 7) relative
to PBS injections (n ¼ 6). In addition, no behavioural changes were
observed during treatments, and no gross changes in organs were
observed during necropsy.

To check for immediate changes in Runx2 expression by antimiR-30e,
we injected 8-month-old ApoE2/2 mice on normal chow with 6 nmol
antimiR-30e oligos (n ¼ 4) or PBS (n ¼ 5) once daily for three consecu-
tive days and collected aortic arches. AntimiR-30e caused significant
up-regulation of aortic Runx2 mRNA after 3 days as measured by
qPCR (FC ¼ 6.1; P ¼ 0.02; Figure 6C).

4. Discussion
We report that miR-30e is highly expressed in medial SMCs in adult
mouse normal aortas (Figure 1). We found that Nfyc and hosted
miR-30e transcripts are down-regulated in aged mouse atherosclerotic
aortas. Interestingly, Nfyc expression was also reported to be down-
regulated in the blood of patients with coronary artery disease (CAD)
and predicted the extent of CAD.26 Our results are consistent with pre-
vious reports that miR-30e is down-regulated in aortas of middle-aged
ApoE2/2 mice,9 human thoracic dissections,27 and brains of calorie-
restricted aging mice.28 We report for the first time that age and athero-
sclerosis simultaneously regulate miR-30e. Global gene expression in
SMCs and MSCs that over- or under-express miR-30e indicate that
miR-30e regulates a unique osteogenic panel of at least eight genes in
MSCs, with Igf2 being the shared target across several cell types
(MSCs, SMCs, hepatocellular carcinomacells, andprimary hepatocytes).
Our results on the anti-osteogenic effects of miR-30e are consistent
with recent literature.7,8
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A novel finding is that miR-30e is pro-smooth muscle differentiated
phenotype, lack of which leads to pathogenesis of vasculo-proliferative
disease such as atherosclerosis and resteonosis. In SMCs, miR-30e
reduces proliferation and organelle count, and increases smooth
muscle lineage markers (Figure 3), thereby inducing smooth muscle dif-
ferentiation.

One of the most interesting findings in our study is the identificationof
IGF2 as a primary target of miR-30e, and that IGF2 rescued the osteo-
genic phenotype repressed by miR-30e in SMCs. IGF2 is a protein
hormone that has been implicated in atherogenesis. IGF2 knock-out
ApoE2/2 mice showed a significant attenuation of atherogenic plaque
formation and development, while IGF2 transgenic ApoE2/2 mice
showed increased atherosclerotic lesions.29 We show that antimiR-30e
induces expression of IGF2 in aortas and livers of ApoE2/2 mice
(Figure 6A and B), accompanied by calcification of the aortic valves
(Figure 6D–G). IGF2 is a major aging and osteogenic factor,21,30– 33

making it a clinically desirable target for treating age-related calcification.
Moreover, it has been proposed that IGF2 contributes to the develop-
ment of a variety of seemingly unrelated cancers that appear with
advanced age.34

We postulate that miR-30e is a major regulator of osteogenic differ-
entiation in MSCs and SMCs by targeting IGF2 through a novel miR-30e
binding site in the 3′UTR of IGF2 mRNA. IGF2 also induces the expres-
sion of miR-30e in a feedback loop, which could explain the non-perfect
correlation of Nfyc and hosted miR-30e transcripts (see Supplementary
material online, Figure S1B). Complementing its anti-osteogenic role,
miR-30e induces adipogenic differentiation of MSCs by inducing Fabp4
and Ppar-g, and by reducing Lrp6.8 In SMCs, miR-30e reduces prolifer-
ation and increases smooth muscle lineage markers, thereby inducing
smooth muscle differentiation. Direct and/or indirect mechanisms by
which miR-30e promotes differentiation in MSCs and SMCs are still to
be identified. It is possible the repression of Runx2 by miR-30e may be
responsible for the miR-30e-activated smooth muscle differentiation
in SMCs. This is because Runx2 interacts with SRF to promote dissoci-
ation of the SRF-Myocd complex attenuating activation of smooth
muscle lineage genes.32 Limitations of our study include lack of investiga-
tion of the effect of miR-30e, IGF2, and Runx2 on the activity of the
promoter and 3′UTR regions of the smooth muscle and adipogenic
genes that were found profoundly induced by miR-30e. In conclusion,
our study provides evidence that IGF2, a calcification-, atherogenic-,
cancer-, proliferation-, and aging-related molecule, is a primary, novel
and clinically desirable target of miR-30e. Therefore, regulation of the
miR-30e pathway could be critical for multiple diseases.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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